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FINITE DIFFERENCES. 


CHAPTER I. 
NATURE OF THE CALCULUS OF FINITE DIFFERENCES, 


1, THE Calculus of Finite Differences may be strictly 
defined as the science which is occupied about the ratios of 
tle simultaneous increments of quantities mutually depen- 
dtnt. The Differential Calculus is occupied about the limits 
to which such ratios approach as the increments are indefi- 
nitely diminished. 


In the latter branch of analysis if we represent the inde- 
pendent variable by z, any dependent variable considered as 
a function of x is represented primarily indeed by ¢ (x), but, 
when the rules of differentiation founded on its functional 
character are established, by a single letter, as wu. In the 
notation of the Calculus of Finite Differences these modes of 
expression seem to be in some measure blended. ‘The de- 
pendent function of # is represented by u,, the suffix taking 
the place of the symbol which in the former mode of notation 
is enclosed in brackets. Thus, if u, = ¢ (x), then 


Urn=$ (2+h), 
Using = (sin 2), 
and so on. But this mode of expression rests only on a con- 


vention, and as it was adopted for convenience, so when con- 
venience demands it is laid aside. 
The step of transition from a function of # to its increment, 


and still further to the ratio which that increment bears to 
the increment of 2, may be contemplated apart from its sub- 
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ject, and it is often important that it should be so contem- 
plated, as an operation governed by laws. Let then A, pre- 
fixed to the expression of any function of x, denote the 
operation of taking the increment of that function correspond- 
ing to a given constant increment Az of the variable =z. 
Then, representing as above the proposed function of x by u,, 
we have 
Au, = Una — Urs 


Au, UzAe— Up 
Aa Ac ° 


and 


Here then we might say that as ¢ is the fundamental ope- 


ration of the Differential Calculus, so 7 is the fundamental 


operation of the Calculus of Finite Differences, 


But there is a difference between the two cases which 
ought to be noted. In the Differential Calculus 5” is not a 
true fraction, nor have dw and dz any distinct meaning as 
symbols of quantity. The fractional form is adopted to 
express the limit to which a true fraction approaches. Hence 


£ , and not d, there represents a real operation. But in the 


Calculus of Finite Differences aie is a true fraction. Its nu- 


merator Au, stands for an actual magnitude. Hence A might 
itself be taken as the fundamental operation of this Calculus, 
always supposing the actual value of Az to be given; and the 
Calculus of Finite Differences might, in its symbolical charac- 
ter, be defined either as the science of the laws of the operation 
A, the value of Az being supposed given, or as the science of 
the laws of the operation Az’ In consequence of the funda- 
mental difference above noted between the Differential Calcu- 
lus and the Calculus of Finite Differences, the term Finite 
ceases to be necessary as a mark of distinction. The former 
is a calculus of limits, not of differences. 
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2. Though Az admits of any constant value, the value 
usually given to it is unity. There are two reasons for this. 


First. The Calculus of Finite Differences has for its chief 
subject of application the terms of series. Now the law of a 
series, however expressed, has for its ultimate object the deter- 
mination of the values of the successive terms as dependent 
upon their numerical order and position, Explicitly or im- 
plicitly, each term is a function of the integer which ex- 
presses its position in the series. And thus, to revert to 
language familiar in the Differential Calculus, the inde- 
pendent variable admits only of integral values whose com- 
mon difference is unity. For instance, in the series of terms 


1*, 2%, 3* 4°, ... 
the general or 2" term is 2*. It is an explicit function of z, 


but the values of & are the series of natural numbers, and 
Az= 1. 


Secondly. When the general term of a series is a function 
of an independent variable t whose successive differences are 
constant but not equal to unity, it is always possible to 
replace that independent variable by another, 2, whose com- 
mon difference shall be unity. Let ¢ (¢) be the general term 
of the series, and let At=A; then assuming ¢=hz we have 
At=hAz, whence Az=1. 


Thus it suffices to establish the rules of the Calculus on the 
assumption that the finite difference of the independent 
variable is unity. At the same time it will be noted that this 
assumption reduces to equivalence the symbols = and A. 

We shall therefore in the following chapters develope the 
theory of the operation denoted by A and defined by the 
equation 

Au, = Unss oe Us: 
But we shall, where convenience suggests, consider the more 
general operation 
Au, _ Unin — Uy 
Ac he’ 
where Aa =h. 


( 4 ) 


CHAPTER II. 
DIRECT THEOREMS OF FINITE DIFFERENCES. 


1. THE operation denoted by A is capable of repetition. 
For the difference of a function of x, being itself a function of 
x, is subject to operations of the same kind. 


In accordance with the algebraic notation of indices, the 
difference of the difference of a function of 2, usually called 
the second difference, is expressed by attaching the index 2 to 
the symbol A. Thus 

AAu, = A’u,. 
In like manner 


AA*u, = A°u,, 


and generally 
AA *u, = A”u, (1), 


the last member being termed the n““ difference of the function 
Uy, If we suppose u,= a, the successive values of uw, with 
their successive differences of the first, second, and third orders 
will be represented in the following scheme: 


Values of x 1 2 3 4, 5 6... 
Ux 1 8 27 64 125 216... 


Atu, 6 6 6... 


It may be observed that each set of differences may either 
be formed from the preceding set by successive subtractions 
in accordance with the definition of the symbol A, or calcu- 
lated from the general expressions for Au, A’u, .... by assign- 
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ing to # the successive values 1, 2, 3,.... Since u,=2*, we 


shall have 
Au, = (@ + 1)? — 2° = 327 + 3241, 
A*u, = A (32* + 3x2 + 1) = 6x + 6, 
A®u, = 6. 
It may also be noted that the third differences are here 
constant. And generally if u, be a rational and integral 


function of « of the n™ degree, its n™ differences will be 
constant. For let 


Une = a0" + bx" + ..., 
then 
Au,=a(ae+1)*+b(e+1)"*4+ ... 
—ax*—ba**— ... 
=ane + ba +b + ey 


b,, b,, ++» being constant coefficients. Hence Aw, is a 
rational and integral function of x of the degree n—1. 
Repeating the process, we have 


A*u, = an (n— 1) a"? +6,2"° + 60" + ..., 
a rational and integral function of the degree n — 2; and so on. 


Finally we shall have 
A*u, =an (n —1) (n—2) ... 1, 
a, constant quantity. 


Hence also we have 
A’ =1.2...0n. (2). 


2. While the operation or series of operations denoted 
by A, A’, ...,A* are always possible when the subject-function 
u, is given, there are certain clementary cases in which the 
forms of the results are deserving of particular attention, and 
these we shall next consider. 
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Differences of Elementary Functions. 


Ist. Let u,=a(a—1) (a#—2)... (a—m+1). 
Then by definition, 
Au,=(a2+1)a(a%—1)...(a—m+2)—2(#—1)(a—2)...(e—m+1) 
= ma (@ —1) (w@ — 2) ... (a@—m-+ 2). 
When the factors of a continued product increase or de- 
crease by a constant difference, or when they are similar 
functions of a variable which, in passing from one to the 


other, increases or decreases by a constant difference, as in 
the expression 


sin z sin (w+) sin (7+ 2h) ... sin {2 +(m—1) h}, 
the factors are usually called factorials, and the term in which 
they are involved is called a factorial term. For the particular 


kind of factorials illustrated in the above example it is com- 
mon to employ the notation 


xz (e@—1)...(@—-m+1)=a™ (1), 
doing which, we have 
Ag = mi) (2). 
Hence, x” being also a factorial term, 
Ata” =m (m—1) a, 
and generally 
A’al™ =m (m—1)...(m—n+1) a” (8). 
1 
Then by definition, 
ee ne eee eee een eae 
i a (a+1)(@+2)...@+m) a(@+1)...(@+m-—1) 


Ondly. Let uv, = 


A 


= + H)) nae Se 
=(scm a} (a +1) (@+2)... (@+m—1) 
—m 
~ ¢(@-+1)...(e+m) (4). 
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Hence, adopting the notation 


1 
a(¢+1)...(e-+m—l1) 


we have 
Ag” =— mar") (5). 


Hence by successive repetitions of the operation A, 
A*al™ = —m (—m—1)...(—-m—n +1) oh 
=(—1)"*m(m+1)...(m+n—1) a” (6), 
and this may be regarded as an extension of (3). 


ardly. Employing the most general form of factorials, 
we find 


Au, lly y oe - Un m = (u S41 Ue mar) x Uztb %—1 ° 0+ Uzines (7) ? 
1 Uy — Unrin 
U,U U - U,,U u (8), 
THy °°° CTEM ey °° xm 
and in particular if u,=az +b, 
AU Magy 0+ Ue mngy = UMNU Ugg cee Ug_mas (9), 
A : nace (10). 
UnMiny, 0++ Uy  Ualngy +++ Urn 
In like manner we have 
A log u, = log u,,, — log u, = log —=H 
To this result we may give the form 
A log u, = log (1 + Au, “) (11). 
So also 
A log (Uglig_, +++ Unmet) = log ee (12). 


Ugim+1 


4thly. To find the successive differences of a”. 
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We have 


Ad? = @qk*t — q? ‘ 


=(a—1)a* ' (13). 
Hence 
A’a” = (a—1)* a”, 
and generally, 
A"a”® = (a—1)" a” (14). 
Hence also, since a” =(a™)*, we have 


A’a™ = (a —1)* a" (15). 


5thly. To deduce the successive differences of sin (ax + 6) 
and cos (ax + 0). 


A sin (aw + b) = sin (ax + 6+ a) — sin (av +d) 


. a a 
= 2 sin 5 cos (ax +6 +5) 


“= 7) 
9 )° 


=2sin 5 sin (ax ++ 


By inspection of the form of this result we see that 
2 
A?’ sin (az + 6) = (2 sin 5) sn(av+b+a+) (16). 
And generally, 


A" sin (ax + 6) = (2 sin 5) sin {ae +b+ store) (17). 


In the same way it will be found that 


A" cos (az + b) = (2 sin 5) cs {a + 6+ eo (18). 


These results might also be deduced by substituting for the 
sines and cosines their exponential values and applying (15). 


3. The above are the most important forms. The follow- 
ing are added merely for the sake of exercise. 
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To find the differences of tan u, and of tan™*u,. 
A tan wu, = tan u,,, — tan u, 


pte eee 
COSU,,, COS U, 


_ sin (w,,, — Ue) 


~~ COS Up,, COS Uy 


+4 
_ smAu, ‘1) 
COS Uz, COS Up i 


Next, 
=-1 a= -!1 -1 
A tan™u, = tan™u,,, — tan u, 


a1 Ug, — Ux 


= tan - 
1 + Uz,, Us 


Au, 
1 + Ug, Ue 


(2). 


=tan™ 


From the above, or independently, it is easily shewn that 


sin & 
aaa cos ax cos a («+ 1) (3), 
A tan™ az = tan™ - (4). 


Ll+a'e + ax 

Additional examples will be found in the exercises at the 
end of this chapter. 

4, When the increment of x is indeterminate, the opera- 
tion denoted by ~ merges, on supposing Az to become 
infinitesimal but the subject-function to remain unchanged, 
into the operation denoted by ¢ . The following are illus- 


trations of the mode in which some of the general theorems 
of the Calculus of Finite Differences thus merge into theorems 
of the Differential Calculus. 
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Ex. We have 


Asinz sin (x+ Az) —sinz 


Az Az 
: Az+or 
2 sin 4 Ag sin (2 + Ft) 
a \ 
And, repeating the operation n times, 
ost Aa + 1 

A" sina (2 sin 4 Az)" sin (w+n 9 } Hs 
(Azyy (Ba)" | 


It is easy to see that the limiting form of this equation is 


oie = sin («+ 2) (2), 


a known theorem of the Differential Calculus. 


Again, we have 


Az Az 
_(@—-ly , 
we Ax a 
And hence, generally, 
A"a®—_/a4”—1\" , 
(Azx)" =( Az ss (3). 


Supposing Az to become infinitesimal, this gives by the 
ordinary rule for vanishing fractions 
aa” noe 
an (log a)"a (4). 
But it is not from examples like these to be inferred that 
the Differential Calculus is merely a particular case of the 
Calculus of Finite Differences, The true nature of their con- 
nexion will be developed in a future chapter. 
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kapansion by factorials. 


5. Attention has been directed to the formal analogy 
between the differences of factorials and the differential 
coefficients of powers. This analogy is further developed in 
the following proposition. 

To develope ¢ (x), a given rational and integral function 
of x of the m= degree, in a series of factorials, 


Assume 
h (x) =a tba +cx + dx”... +ha™ (1). 


The legitimacy of this assumption is evident, for the new 
form represents a rational and integral function of x of the m™ 
degree, containing a number of arbitrary coefficients equal to 
the number of coefficients in @ (x). And the actual values 
of the former might be determined by expressing both mem- 
bers of the equation in ascending powers of x, equating coeffi- 
cients, and solving the linear equations which result, Instead 
of doing this, let us take the successive differences of (1). 
We find by (2), Art. 2, 

Ad (2) =b + 2ca 4+ 3dz" ... +mho™™ (2), 
A’d (x) = 2043. 2da...+m(m—l1)he"™” (83), 
A™d (x) =m(m—1)... 1h (4). 

And now making x= 0 in the series of equations (1)...(4), 
and representing by Ad (0), A*d (0), ... what Ad (a), A’¢ (x), 
... become when a= 0, we have 


$(0)=a, Ag(0)=b, A*%d (0) =2e, 


A" (0)=1.2... mh. 


Whence determining a, ), c,...h, we have 
$ (2) = 0) FAG (0) 24 = LO) gm SOO) gms... (5), 


If with greater generality we assume 
 («) = a + ba + cx (a —h) + du (x —h) (w@—2h) + ..., 
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we shall find by proceeding as before, (except in the employ- 
ing of x for A, where Az = h,) 


$@)= 19 @}+ PQ tas (EOC) 
Ad (x)) x (a —h) (a — Qh 
tap ae tO. 


where the brackets {} denote that in the enclosed function, 
after reduction, # is to be made equal to 0. 


Maclaurin’s theorem is the limiting form to which the 
above theorem approaches when the increment Az is inde- 
finitely diminished. 


General theorems expressing relations between the successive 
values, successive differences, and successive differential coef- 
ficients of functions. 


6. In the equation of definition 


AU, = Uz, — Ur 
we have the fundamental relation connecting the first differ- 
ence of a function with two successive values of that function. 
Taylor's theorem gives us, if h be put equal to unity, 
a aie gy Oe, LO 

mH da 2 dx * 2.38 dae*™ 
which is the fundamental relation connecting the first differ- 
ence of a function with its successive differential coefficients. 
From these fundamental relations spring many general theo- 
rems expressing derived relations between the differences of 
the higher orders, the successive values, and the differential 
coefficients of functions. 


As concerns the history of such theorems it may be ob- 
served that they appear to have been first suggested by par- 
ticular instances, and then established, either by that kind of 
proof which consists in shewing that if a theorem is true for 
any particular integer value of an index n, it is true for the 
next greater value, and therefore for all succeeding values ; 
or else by a peculiar method, hereafter to be explained, 
called the method of Generating Functions. But having 
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been once established, the very forms of the theorems led to 
a deeper conception of their real nature, and it came to be 
understood that they were consequences of the formal laws 
of combination of those operations by which from a given 
function its succeeding values, its differences, and its differ- 
ential coefficients are derived. 


7. These progressive methods will be illustrated in the 
following example. 


Ex. Required to express w,,, In terms of wu, and its suc- 
cessive differences, 


We have 
Uneasy = Ug + Au, ; 


". Uys = Us + Au, + A (u, + Au,) 
=U, + 2Au, + A*u,. 
Hence proceeding as before we find 
Uns, = Uy + 3AU, + 3A*U, + A®u,. 


These special results suggest, by the agreement of their 
coefficients with those of the successive powers of a binomial, 
the general theorem 


a A*u, 
n(n —1) (0 (n— 1 — 2) ; 
ae i Gal A*u (1). 


Suppose then this theorem true for a particular value of n, 
then for the next greater value we have 


n(n — se 
Ueaney = Uy + NAU, + —-; A*u, 
mi (asia) Se 7 


+ Au, + nA®u, + = ‘V) A®u, 
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the form of which Pe ae the theorem remains true for 
the next greater value of n, therefore for the value of n still 


succeeding, and so on ad infinitum. But it is true for n=1, 
and therefore for all positive integer values of » whatever. 


8. We proceed to demonstrate the same theorem by the 
method of generating functions. 


Definition. If (t) is capable of beimg developed in a 
series of powers of ¢, the general term of the expansion being 
represented by w,¢*, then ¢ (f) is said to be the generating 
function of u,. And this relation is expressed in the form 


vy (t) a Gu, 
Thus we have 
1 
¢ — encima 
ae a 


since 2 - is the coefficient of ¢” in the development of e’. 


1.2 


In like manner 


e 1 
ae ACE Sy 
; 1 ; a 
since i%..@t)) is the coefficient of ¢” in the development 


of the first member, 
And generally, if Gu, = ¢ (¢), then 


Gu,,, = $i) errr Gegn = $Y) (2). 


Hence therefore 
1 
Gu, ~ Gu,= (; - 1) (2). 
But the first member is obviously equal to GAu,, therefore 
1 
Gau,= (3-1) ¢@ (3). 
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And generally 
n 1 7 
GA", =(F- 1) (4). 


To apply these theorems to the problem under considera- 
tion we have, supposing still Gu, = ¢ (?), 


Gu... = (5) $ 


={1 fs ( ss 1)" @ () 

= 4 (£) +n(j -1)¢ (+22 (F _ 1) $() + — 
= Gu, + n@du, + @=) Gara, + .., 

= @{u,+ndu,+ CO aru, + ih 


Hence 


Unan = Ug + NAU, + Bint) 1) APui+ ... 


which agrees with (1). 


Although on account of the extensive use which has been 
made of the method of generating functions, especially by 
the older analysts, we have thought it right to illustrate its 
general principles, it is proper to notice that there exists an 
objection in point of scientific order to the employment of 
the method for the demonstration of the direct theorems of 
the Calculus of Finite Differences; viz. that G is, from its very 
nature, a symbol of inversion (Diff. Equations, p. 375, 1st Ed.). 
In applying it, we do not perform a direct and definite ope- 
ration, but seek the answer to a question, viz. What is that 
function which, on performing the direct operation of deve- 
lopment, produces terms possessing coefficients of a certain 
form? and this is a question which admits of an infinite 
variety of answers according to the extent of the development 
and the kind of indices supposed admissible. Hence the 
distributive property of the symbol G, as virtually employed 
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in the above example, supposes limitations which are not 
implied in the mere definition of the symbol. It must be 
supposed to have reference to the same system of indices in 
the one member as in the other; and though, such conven- 
tions being supplied, it becomes a strict method of proof, its 
indirect character still remains*. 

9. We proceed to the last of the methods referred to in 
Art. 6, viz. that which is founded upon the study of the ulti- 
mate laws of the operations involved. In addition to the 
symbol A, we shall introduce a symbol £ to denote the ope- 
ration of giving to x in a proposed subject function the incre- 
ment unity;—its definition being 

Lu, = Waar! (1). 


Laws and Relations of the symbols HE, A and - : 


Ist. The symbol A is distributive in its operation. Thus 
A (u, +, +. .)=Au,+Av,+... (2). 
For 
A (u, +2, ae .) =U t Vngy ees (u,, +0,-++) 
= Wass — U, T Ug — Ug ere 
= Au, + Av,... 
In like manner we have 
A (u,-¥,+ -. )=Au,—Av,+ ... (3). 
2Qndly. The symbol A is commutative with respect to any 
constant coefficients in the terms of the subject to which it is 
applied. Thus a@ being constant, 
Aau, = au,,, — au, 
=adu, (4). 
And from this law in combination with the preceding one, 
we have, a, b,... being constants, 
A (au,+bv,+ ... )=aAu, + bAv, +... (5). 


* The student can find instances of the use of Generating Functions in 
Lacroix, Diff. and Int. Cal. ut, 322. Examples of a fourth method. at once 
elegant and powerful, due originally to Abel, are given in Grunert’s Archiv. 


XVII. 381. 
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3rdly. The symbol A obcys the index law expressed by 
the equation 
A”A"u, = A™™u, (6), 
m and n being positive indices. For, by the implied definition 
of the index m, 
A™A*u, = (AA...m times) (AA... times) u, 
= {AA... (m+n) times! 2, 
a2 An"... 
These are the primary laws of combination of the symbol 
A. It will be seen from these that A combines with A and 
with constant quantities, as symbols of quantity combine with 


each other. Thus, (A+a)u denoting Au +au, we should 
have, in virtue of the first two of the above laws, 


(A +a) (A+ 6b) u= {A*+ (a+b) A+ ab} u 
= A*y + (a+b) Aw+ abu (7), 


the developed result of the combination (A + a) (A+ 6) being 
in form the same as if A were a symbol of quantity. 

The index law (6) is virtually an expression of the formal 
consequences of the truth that A denotes an operation which, 
performed upon any function of z, converts it into another 
function of # upon which the same operation muy be repeated. 
Perhaps it might with propriety be termed the law of repe- 
tition;—as such it is common to all symbols of operation, 
except such, if such there be, as so alter the nature of the 
subject to which they are applied, as to be incapable of 
repetition*. It was however necessary that it should be dis- 
tinctly noticed, because it constitutes a part of the formal 
ground of the general theorems of the calculus. 

The laws which have been established for the symbol A 
are even more obviously true for the symbol &. The two 
symbols are connected by the equation 

H=1+A, 


* For instance, if ¢ denote an operation which, when performed on two 
quantities z, y, gives a single function X, it is an operation incapable of repe- 
tition in the sense of the text, since ¢? (x, y)=@(X) is unmeaning. But if it 
be taken to represent an operation which when performed on 2, y, gives the 
two functions X, Y, it is capable of repetition since ¢? (x, y)=@(X, Y), which 
has a definite meaning. In this case it obeys the index law. 
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since 
Hu, =u, + Au, = (1+ A) u, (8), 
and they are connected with - by the relation 
a 
B= (0), 


founded on the symbolical form of Taylor's theorem. For 


du, 1du, 1 du 
Eu wp Ugg =U, +i t5 ae +975 3 dx 7 , oe 


ad 1d 1 @ 
=(l4+ +5 a9 +yggpte:)t 


=e. 


It thus appears that E, A, and £ , are connected by the 


two equations 
E=1+A=¢ (10), 


and from the fact that H and A are thus both expressible by 
means of . we might have inferred that the symbols ZF, A, 


and - * combine each with itself, with constant quantitics, 


and with each other, as if they were individually symbols of 
quantity. (Differential Equations, Chapter XVI.) 


10. In the following section these principles will be 
applied to the demonstration of what may be termed the 
direct general theorems of the Calculus of Differences. The 
conditions of their inversion, 1.e. of their extension to cases in 
which symbols of operation occur under negative indices, will 


* In place of = we shall often use the symbol D. The equations will 


then be E=1+A=e?, a form which has the advantage of not assuming that 
the independent variable has been denoted by x. 
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be considered, so far as may be necessary, in subsequent 
chapters. 


Ex. 1. To develope u,,, in a series consisting of wu, and 
its successive differences (Ex. of Art. 7, resumed). 


By definition 
Ue = Luz, Unig = Lug, eee 


Therefore 
Urn = Lu, = (1 +A)" u, (1); 
_ it ¢nd 42d) arg 2S ee 2) A? .f Un 
=u, +nAu, + sin) 1) a ug 2G as Unt... (2). 


Ex. 2. To express A*u, in terms of u, and its successive 
values. 


Since Au, = u,,,—U, = Hu, — u,, we have 

= (H—1)u,, 
and as, the ae being performed, each side remains a 
function of 2, 


A"u, =(E—1)" u, 


= 1H" —nk** + ee) ye eer a 
1.2 
Hence, interpreting the successive terms, 
n(n —1) 


— NU nyt so 1 z Ui ieeiias “a 1)" _@). 


7 -vinepe poses - goed 
ah meetin eats or en 


n wm 
A*u, = Uz, 


See 


Of particular applicaiane of this er those are the 
most important which result from supposing wu, = 2” 


We have 


a™=(a+n)"—n (e+n—1)"+ Paid co =)) 


1.2 


(e-+n—2)"—... (4). 
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Now let the notation A"0” be adopted to express what the 
first member of the above equation becomes when z=0; then 


A*0" =n" — n(n — 1)” 
n(n —1)(n—2)" _ n(n—1) (n—2) (n—3)” 3)" 
gg ag eee 10) 


The systems of numbers expressed by A"0” are of frequent 
occurrence in the theory of series*. 


From (2) Art. 1, we have 
ATO’ =1.2...0 


and, equating this with the corresponding value given by (5), 
we have 


L.2..n=n*—n(Qn—1y pee 5 @- 2)"—... (6). 


Ex. 3. To obtain developed expressions for the »™ differ- 
ence of the product of two functions w, and v,. 


Since 
AU Vy = Ung, « Ving, — UxU 2 
= Ku,. Ev, — Uv 
where / applies to u, alone, and Z’ to v, alone, we have 
Au, = (BE —1) u,2,, 
and generally 
A*u,v, = (BE" —1)" u,v, (7). 


It now only remains to transform, if needful, and to de- 
velope the operative function in the second member according 
to the nature of the expansion required. 


Thus if it be required to express A*u,v, in ascending differ- 


* A very simple method of calculating their values will be given in Ex. 8 


of this chapter. 
+ This formula is of use in demonstrating Wilson’s Theorem, that 


1+ \n-—1 is divisible by n when n is a prime number. 
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ences of v,, we must change Z’ into A’+1, regarding A’ as 
operating only on v,, We then have 
A"u,v, = {£ (1+ A’) —1}"u,2, 
= (A + FA’)"u,0, 
n(n —1) 


= |" + nA* A’ + 71.2 AeA + vee UnU re 


Remembering then that A and # operate only on w, and A’ 
only on v,, and that the accent on the latter symbol may be 
dropped when that symbol only precedes v,, we have 


A*u,v, = A"u, .v,+ nA" u,,, - Ar, 


en EOD arti Dito 8) 


the expansion required, ~~~ - --—_--__.--- 


As a particular illustration, suppose u,=a*. Then, since 


Au... = A*7q"** aos Ae A" *a" 
=a (a—1)"", by (14), Art. 2, 
we have 
A*a*v, = a* {(a— 1)", +2 (a—1)**adn, 
+ —— (a—1)"%a*A’y, +... } (9). 


Again, if the expansion is to be ordered according to suc- 
cessive values of v,, it is necessary to expand the untrans- 
formed operative function in the second member of (7) in 
ascending powers of EZ’ and develope the result. We find 


n(n—1 
A"u,v, = (—1)" {u,0, — Ng Meu + se UnVerg—-- $ (10). 


Lastly, if the expansion is to involve only the differences 
of u, and v,, then, changing # into 1+ A, and £" into 1+A’, 
we have 

A*"u,v, = (A + A’ + AA’)"u,», (11), 


and the symbolic trinomial in the second member 1s now to 
be developed and the result interpreted. 
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Kx. 4. To express A™u, in terms of the differential co- 
efficients of u,. 


d 
By (10), Art. 9, A=e*—1. Hence 


dt 


A"u, = (e* — 1)"u, (12). 
Now ¢ being a symbol of a we have 
ae n 


= ("+ At" + Ast + oP 


on expansion, A,, A,, being numerical coefficients. Hence 


= ad\" aes ad\""? 
dx ee ae 2 cones 
ty (‘e) sa (as) +A, (as) mae 


and therefore 


d aye d 
A u,= (4) + A, 6 ) u, + A, ate 7 Upt... (LH). 


The coefficients A,, A,, may be determined in 
various ways, the simplest in principle being perhaps to de- 
velope the right-hand member of (13) by the polynomial 
theorem, and then seck the ageregate cocflicients of the suc- 
cessive powers of t But the expansion may also be effected 
with complete determination of the constants by a remarkable 
secondary form of Maclaurin’s theorem, which we shall pro- 
ceed to demonstrate. 


Secondary form of Maclaurin’s Theorem. 


Prov. The development of > (t) in positive and integral 
powers of t, when such development is possible, may be erpressed 
an the form 


$()=$(0) +8 (5) 0-¢4+6(70) O75 


d\ ., t 
+9 (5) °-ro3t 
where ¢ (5 5) denotes what ¢ (+, *) a” becomes when sz = 0. 
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First, we shall shew that if ¢(x) and (a) are any two 
functions of 2 admitting of development in the form 
a+ ba+cxz*+..., 


ad d 
thn $(£) 4 @)=+(5-) 6(@) (15), 
provided that 2 be made equal to 0, after the implied opera- 
tions are performed. 


For, developing all the functions, each member of the 
above equation is resolved into a series of terms of the form 


A (+) az", while in corresponding terms of the two members 


the order of the indices m and n will be reversed. 


Now (5) 2" is equal to 0 if m is greater than n, to 


1.2...n if m is equal to n, and again to 0 if m is less than n 
and at the same time a equal to 0; for in this case 2"™ is a 
factor. Hence if z= 0, 
U\" 
(a) 


d m 
(a) 
and therefore under the same condition the equation (15) 1s 
true, or, adopting the notation above explained, 


6 (2) eO=¥(G) $O (16), 
Now by Maclaurin’s theorem in its known form 
$()=6 (0) +4 $(0).t+ Fb Oqat.. (17) 


Hence, applying the above theorem of reciprocity, 


$ (t)=$(0)+¢ (4) 0-2+4 (55) 07. ate. (18), 


the secondary form in question. The two forms of Mac- 
laurin’s theorem (17), (18) may with propriety be termed 
conjugate. 
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A simpler proof of the above theorem (which may be more 
shortly written ¢ (t) = ¢ (D) e°*’) is obtained by regarding 1t 
as a particular case of Herschel’s theorem, viz. 


b(C)=$(1) +4 (E0646 (B) 0. ote (19), 


or, symbolically written, 6 (¢) =¢(£) &**.* The truth of the 
last theorem is at once rendered evident by assuming A,e™ to 
be any term in the expansion of ¢ (¢’) in powers of e&. Then 
since A,e“=A,E&*' the identity of the two series is 
evident. 


But d (t) = ¢ (log e’) = d (log HZ) &** 


(by Herschel’s theorem) 
= d (D) ent 
which is the secondary form of Maclaurin’s theorem. 
As a particular illustration suppose ¢ (t) = (e—1)", then 
by means of either of the above theorems we easily deduce 


ine 
‘dees 
But A"0” is equal to 0 if m is less than n and to1.2.3...0 
if m is equal to n, (Art. 1). Hence 
ee Lee 
1.2...(n+1)- 1.2...(n+2) © 


2 
(ce —1)*=A"0.¢+A"0’. iat A"0° 


(e—1)"=t"+ 4. (20). 


ad 
Hence therefore since A”u = (<* — 1)"u we have 
Atuat Bee! A"o" d*ty, A*0"*? d"*y 
da* * 1.2...(n41)‘da™ * 1.8..(n42) dat 


the theorem sought. 


(21), 


The reasoning employed in the above investigation pro- 
ceeds upon the assumption that » is a positive integer. The 


* Since both A and D performed on a constant produce as result zero, it 
is obvious that ¢(D)C=9(0)C=¢(A)C, and @(F£)C=9(1)C. It is of 
course assumed throughout that the coefficients in ¢ are constants, 
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very important case in which n =—1 will be considered in 
another chapter of this work. 


d"u 
Ex. 5. Yo express dat , un terms of the successive differences 
of u. at 
Ba 
Since e* = 1+ A, we have 


d 
aa log (1 + A), 


therefore (=) = {log (1+ ay} (22), 
dx 

and the right-hand member must now be developed in as- 

cending powers of A. 


In the particular case of n = 1, we have 


du Atu  A®’u Atu 
ae = Au — 3 +3 Zt + (23). 
11. It would be casy, but it is needless, to multiply these 

general theorems, some of those above given being valuable 
rather as an illustration of principles than for their intrinsic 
importance. We shall, however, subjoin two general theo- 
rems, of which (21) and (23) are particular cases, as they 
serve to shew how striking is the analogy between the 
parts played by factorials in the Calculus of Differences and 
powers in the Differential Calculus. 


By Differential Calculus we have 


du, @ du 
Mee Ue tb ot To et 
Perform ¢(A) on both sides (A having reference to ¢ 
alone), and subsequently a" =0. This gives 


(A) u,= ue. (0) +9 (A) 0. G4 PONT Cues. (24), 


of which (21) is a particular case. 
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By (2) we have 
t!?) 
1.2 


Perform ¢ (5) on each side, and subsequently put ¢=0; 


Ue = Uz tt. Au, + A*u +... 


ad d 
ee dh (=) U, = Uz. b (0) + d (3) 0 e Au, 
@\ nq AU, 
+9 (q)Or- Tet OD. 
of which (23) is a particular case. 


12, We have seen in Art. 9 that the symbols A, # and 
a OF D have, with certain restrictions, the same laws of com- 


bination as constants. It is easy to see that, in general, 
these laws will hold good when they combine with other 
symbols of operation provided that these latter also obey 
the above-mentioned laws. By these means the Calculus of 
Finite Differences may be made to render considerable assist- 
ance to the Infinitesimal Calculus, especially in the evaluation 
of Definite Integrals, We subjoin two examples of this; 
further applications of this method may be seen in a Mémoire 
by Cauchy (Journal Polytechnique, Vol. XVII). 


Ex. 6. To shew that B(m+1,n)=(- 1ynan=, where 
is a positive integer. 
We have a | € "dx ; 
n 0 
ae T_an i é "da = | A" dx 
nm 0 


0 
-| e («~ _ Ly dx 
0 
1 
= i 2" (g—1)"dz (assuming 2 = €”) 
0 


=(—1)"B(m +1, n). 
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gt 


Ex. 7. Evaluate u= i A" a dz, m being a positive 


integer greater than a; A relating to 7 alone. 


Let 2« be the even integer next greater than a +1, then 
Pal : gt n* m?* 
Par od rar {a a + zat (26). 
Now the first member of the right-hand side of (26) is a 
rational integral function of n of an order lower than m. It 


therefore vanishes when the operation A” is performed on it. 
We have therefore 


2K 


rr a) 2x ao 
”) =| A™ n gt tds =e an] 5 n : gt Kt oy (27) 
0 0 


+n 2 +n 
== A™n* | aes dy (assuming 2° = n’y) 
0 ¥tl 


(Tod. Int. Cal. Art. 255, 3rd Ed.) 
An". 


T 


1 
2 . a 


This example illustrates strikingly the nature and limits 
of the commutability of order of the operations | and A. 


Had we changed the order (as in (27)) without previously 
preparing the quantity under the sign of integration, we 
should have had 


A”n*. | J 
o¥tl 
which is infinite if a be positive. 
The explanation of this singularity 1s as follows :-— 


If we write for A” its equivalent (#—1)” and expand 


dy, 


the latter, we see that | A" («,n) dz expresses the integral 
0 
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of a quantity of m+ 1 terms of the form A, ¢ (a, n + p), while 
A™| (a,n) dx expresses the sum of m+1 separate inte- 


0 
grals, each having under the integral sign one of the terms of 
the above quantity. Where each term separately integrated 
gives a finite result, it is of course indifferent which form is 
used, but where, as in the case before us, two or more would 
give infinity as result the second form cannot be uscd. 


13. Ex. 8. To shew that 
f (£) 0" = Ed’ (#) 0"". (28). 


Let A,E"0" and HrA,H"'0"" be corresponding terms 
of the two expansions in (28). Then, since each of them 
equals A,r", the identity of the two series is manifest. 


Since H#= 1+ A the theorem may also be written 
(A) 0” = Le’ (A) 0”, 


and under this form it affords the simplest mode of calcu- 
lating the successive values of A”0". Putting ¢ (A) = A”, 
we have 


A™0" a E .m At 09" =m ( A™0"7? + A"0""), 


and the differences of 0” can be at once calculated from those 
of 0", 


Other theorems about the properties of the remarkable 
set of numbers of the form A”0" will be found in the accom- 
panying exercises. Those desirous of further information on 
the subject may consult the papers of Mr J. Blissard and 
M. Worontzof in the Quarterly Journal of Mathematics, 
Vols, Vir. and Ix. 


EXERCISES. 
1. Find the first differences of the following functions : 


2 sin 5 , tan = , cot (27a). 
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2. Shew that 
v,Au, — u,Av, 


Une 


A“? = 
Vz +1 


3. Prove the following theorems: 


A*0o"* = n int 1) A”0" 


Aor — 5 0* + &e.=0(e>1) 


A"0" + nA™0"7 + dae A”0"? +... + a = ae ae 
P(E) ang (BE) 7” 
o 
4, Shew that, if m be less than 7, 
{l+log L}’ 0" =r (r—1)...... (r—m +1). 


5. Express the differential coefficient of a factorial in 
factorials, Ex. a, 


6. Shew that 
74d Vere? sO ane 
form a recurring series, and find its scale of relation. 
ae shew that 


|n 


7. TiBv= 


P= Pil +nP? 


%-1° 


8. Shew that 


2A? 
u, tue ME 4 be, met fu tay, +2 —8 4. cee 


1.2 


What class of series would the above theorem enable us 
to convert from a slow to a rapid convergence % 
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9. Shew that 
t 2 
e = el + (e40) t+ (€40’) st se 


and hence calculate the first four terms of the expression. 


_ ti 1 1 
10. If P.=77+ Z(n—1) eer +o Fy shew that 
(PA? — PA? +...) 0"=0 if m> 2, 
Prove that 


{log £}" 0" = 0, 
unless m =n when it is equal to |n. 


11. Prove that 


I = _ = 
age 24 (1—n) ao? +(l—n)(2—n) e+ .... 


12. Ifa2=e°®, prove that 


ay aed wee, A yd 
(a6 de S102" det 1.2.37 det 
13. If Au, y= Usa yan Ue, and if A*u,, be expanded 
in a series of differential coefficients of U, » Shew that the 
general term will be 

Aor — du, 

APO? x A%0t* datdy? * 

14, Express A"x”™ in a series of terms proceeding by 

powers of a by means of the differences of the powers of 0. 


By means of the same differences, find a finite expression 
for the infinite series 


» pan ey am ot 
1”. 2—3 le ‘Bt Bee 
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where m is a positive integer, and reduce the result when 
m = 4, 
15. Prove that 
F (£) a’ox= al (aL) oa, 
(aA), = (2 +n —1)™Au,, 
Ft (@A) (2b )"u, = (xE£)" f (2A + m) u,, 


and find the analogous theorems in the Infinitesimal 
Calculus. 


16. Find u, from the equations 
1—V1—4¢ 
(1) Gu, = oe? 

(2) Gu, =/(e). 


17. Find a symbolical expression for the n difference 
of the product of any number of functions in terms of the 
differences of the separate functions, and deduce Leibnitz’s 
theorem therefrom. 


18. If P, be the number of ways in which a polygon 
of m sides can be divided into triangles by its diagonals, and 
td (t) = GP, shew that 


$(t)= J Xi Feat | 
*19. Shew that 
| “eo (CF 1)" da = Tan, 
n and a being souilive quantities, 


*20. Shew that 


{ ° sin an ene Fis arAX™ (2n —m)* 
x 


P] 
: 2" I (a +1) cosa 


if 2n>m>a all being positive, 


* In Questions 19 and 20 A acts on alone. 
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06 cm 
sin” x 
Hence, shew that | sin 2nz. Ror .dz is constant for 
0 


all values of 2 between 3 and oo. 


21. Shew that if p be a positive integer 


oe, 1.2.8.0... 2p 
KG 2p oe 
[ eee eee K(K +4) 0... (x? + 4p) * 


(Bertrand, Cal. Int. p. 185.) 
22. Shew that 


arige ATE AMY 
n+1 ; 


23. Demonstrate the formula 
A’ 1?) = (n +1) A? 1? + nA? PD, 


and apply it to construct a table of the differences of the 
powers of unity up to the fifth power. 


( 33) 


CHAPTER IIL. 
ON INTERPOLATION, AND MECHANICAL QUADRATURE. 


1. THE word interpolate has been adopted in analysis to 
denote primarily the mterposing of missing terms in a series 
of quantities supposed subject to a determinate law of mag- 
nitude, but secondarily and more generally to denote the 
calculating, under some hypothesis of law or continuity, of 
any term of a serics from the values of any other terms sup- 
posed given, 


As no series of particular values can determine a law, the 
problem of interpolation is an indeterminate one. To find 
an analytical expression of a function from a limited number 
of its numerical values corresponding to given values of its 
independent variable x is, in Analysis, what in Geometry it 
would be to draw a continuous curve through a number of 
given points. And as in the latter case the number of pos- 
sible curves, so in the former the number of analytical ex- 
pressions satisfying the given conditions, is infinite. Thus 
the form of the functiun—the species of the curve—must be 
assumed a priort. It may be that the evident character of 
succession in the values observed indicates what kind of 
assumption is best. If for instance these values are of a 
periodical character, circular functions ought to be employed. 
But where no such indications exist it is customary to assume 
for the general expression of the values under consideration 
a rational and integral function of 2, and to determine the 
coefficients by the given conditions, 


This assumption rests upon the supposition (a supposition 
however actually verified in the case of all tabulated func- 
tions) that the successive orders of differences rapidly dimi- 
nish. In the case of a rational and integral function of « of 
the n“® degree it has been seen that differences of the n+ 1" 
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and of all succeeding orders vanish. Hence if in any other 
function such differences become very small, that function 
may, quite irrespectively of its form, be approximately repre- 
sented by a function which is rational and integral. Of 
course it is supposed that the value of 2 for which that of 
the function is required is not very remote from those, or 
from some of those, values for which the values of the func- 
tion are given. The same assumption as to the form of the 
unknown function and the same condition of limitation as to 
the use of that form flow in an equally obvious manner from 
the expansion in Taylor’s theorem. 


2. The problem of interpolation assumes different forms, 
according as the values given are equidistant, 1.e. corre- 
spondent to equidifferent values of the independent variable, 
or not. But the solution of all its cases rests upon the same 
principle. The most obvious mode in which that principle 
can be applied is the following. If for n values a, b, ... of 
an independent variable « the corresponding value u,, u,, ... of 
an unknown function of x represented by u,, are given, then, 
assuming as the approximate general expression of u,, 


u,=A+ Bat Ca’... + Eu" (1), 

a form which is rational and integral and involves n arbitrary 
coefficients, the data in succession give 

u,=A+ Bat+Ca’...+ Ea", 

u,=A+Bb+C0' ...+ 40", 
a system of n linear equations which determine A, B...4. 
To avoid the solving of these equations other but equivalent 
modes of procedure are employed, all such being in effect 
reducible to the two following, viz. either to an application 
of that property of the rational and integral function in the 
second member of (1) which is expressed by the equation 
A*u, =0, or to the substitution of a different but equivalent 
form for the rational and integral function, These methods 
will be respectively illustrated in Prop. 1 and its deductions, 
and in Prop. 2, of the following sections. 


Prop. 1. Given n consecutive equidistant values u,, U,,..- 
u,_, of a function u,, to find its approximate gencral expres- 
s1on, 
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By Chap. 11. Art. 10, 
gam = y+ mbu, + MED) ry, 4 wees 
Hence, substituting 0 for x, and a for m, we have 


2 = Uy + cAU, +2 2D ary, + ste 


But on the assumption that the proposed expression is 
rational and integral and of the degree n — 1, we have A*u, = 0, 
and therefore A"u,=0. Hence 


u, =u, + cAu, + =H ary, se 
g(a—1)...(2—n+2) ,a4 : 
calamari ee | oe (2), 


the expression required. It will be observed that the second 
member is really a rational and integral function of x of the 
degree » — 1, while the coefficients are made determinate by 
the data. 


In applying this theorem the value of # may be con- 
ceived to express the distance of the term sought from the 
first term in the series, the common distance of the terms 
given being taken as unity. 


Ex. Given log 3:14 = 4969296, log 3°15 = -4983106, log 
3°16 = 4996871, log 3:17 ='5010593; required an approxi- 
mate value of log 3:14159. 


Here, omitting the decimal point, we have the following 
table of numbers and differences : 


WU, U, U, tb, 
4969296 4983106 4996871 5010593 

A 13810 13765 13722 

A} ~— 45 — 43 

A° 2 


The first column gives the values of u, and its differences 
up to A®’u,. Now the common difference of 3:14, 3°15, .... 
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being taken as unity, the value of 2 which corresponds to 
3°14159 will be -159. Hence we have 


u, = 4969296 +°159 x 13810 + a x(— 45) 


(159) (-159 — 1) (-159 — 2) 
- 1.2.3 x 2. 


Effecting the calculations we find wu, = ‘4971495, which is 
true to the last place of decimals. Had the first difference 
only been employed, which is equivalent to the ordinary rule 
of proportional parts, there would have been an error of 3 in 
the last decimal. 


3. When the values given and that sought constitute a 
series of equidistant terms, whatever may be the position of 
the value sought in that series, it is better to proceed as 
follows. 


Let u,, U,, U,,-..u, be the series. Then since, according to 
the principle of the method, A*u, = 0, we have by Chap. II. 
Art. 10, t Sees! ae 


ty — rt, Ey a (Im =0 (3), 


n-1 


—— 


an equation from which any one of the quantities 
Us) Us eee U,, 


may be found in terms of the others. 


Thus, to interpolate a term midway between two others 
we have 


U, + Uy 
" (4) 


Here the middle term is only the arithmetical mean. 


U,—2u,+u,=0; . u= 


To supply the middle term in a series of five, we have 
U, — 4u, + 6u, — 4u, + u, = 0; 
uu. = 4 (u, + My) (u, as u,) (5). 


2 
‘ 
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Ex. Representing as is usual | e° 6" dé by I'(n), it is 
required to complete the following table by finding approxi- 
mately log T' (5) : 


n log I’ (7), n log [' (n), 
4 ‘74556, as "18432, 
os 55938, * 13165, 
ie ‘42796, i 08828, 
Ms "32788, i ‘05261. 


Let the series of values of log I'(n) be represented by 
U,, Uy --- Uy, the value sought being that of u,. Then pro- 
ceeding as before, we find 


8.7 8.7.6 
1.2.3 


» — Bu, + 5 Ms — 


Ut =0, 
or, 

Ut, + U, — 8 (Uy + U_) + 28 (u, + tU,) — 56 (u, + u,) + 70Uu, = 0; 
whence 


_ 56 (ui, + te) = 28 (uy + 4%) +8 +%)— (tM) — 6) 
— ieee || . 


Substituting for U,, U,, -., their values from the table, 
we find 


log T (5) = °24853, 


the true value being °24858. 


To shew the gradual closing of the approximation as the 
number of the values given is increased, the following results 
are added : 
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Data. Calculated value of 4,. 
Us “Ue  —-sbecesededarssac ‘25610, 
Us “WM. = aiswiawetieeetnens "24820, 
MUA WMS, * Hectieessaets "24865, 
Uy Uys Ug) Uy  Ugy Uns Ugy Wye reecceecereees ‘24853. 


4. By an extension of the same method, we may treat 
any case in which the terms given and sought are terms, but 
not consecutive terms, of a series. Thus, if u,, u,, u, were 
given and wu, sought, the equations A*’u, =0, A’u,=0 would 
give 

ub, — 3u, + 3u, — u, = 0, 
u, — 3u, + 3u, —u, = 0, 
from which, eliminating u,, we have 
3u, — 8u,+ 6u,—u,=0. (7), 


and hence u, can be found. But it is better to apply at once 
the general method of the following Proposition. 

Prop. 2. Given n values of a function which are not 
consecutive and equidistant, to find any other value whose 
place is given. 

Let w,, U,, %,,-..u, be the given values, corresponding to 
a, b, c,..& respectively as values of 2, and let it be required 
to determine an approximate general expression for 4,. 


We shall assume this expression rational and integral, 
Art. 1. 


Now there being 7 conditions to be satisfied, viz. that for 
2=a, 2=b...x2=k, it shall assume the respective values 
Uq) Uy, «-. Uy, the expression must contain n constahts, whose 
values those conditions determine. 


We might therefore assume 
u,= A+ Ba+Ca2*...4+ Ea" (8), 


and determine A, B, C by the linear system of equations 
formed by making w= a, b... k, in succession. 


The substitution of another but equivalent form for (8) 
enables us to dispense with the solution of the linear system. 
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Let u,=A (a —b) (w—c) ...(a@—k) > 'y 

+ B(#@—a) (w@—c)... (@—k) 1”. 

+C (w@—a) (w—b)... (@—k) 

+ oo (9) | 
to 2 terms, each of the n terms in the right-hand member 
wanting one of the factors c—a, «—b,...a—k, and each 
being affected with an arbitrary constant. The assumption 
is legitimate, for the expression thus formed is, like that 
in (8), rational and integral, and it contains n undetermined 
coefficients. 

Making 2 =a, we have 
u, =A (a—b) (a—c)... (a—k); 
therefore 
U 


a Ga a=) eee 
In like manner making 2 = 6b, we have 
Uy 
oe (b— a) (b—c) ... (b—k)’ 
and soon. Hence, finally, 
ay, a) (e— 0). @—K) , (@—a) (@—0) «(2a bt) 
“a= Us (fb) (ac). (a—k) *(b—a) (bc)... O—b) 


(x — a) (x —b) (a—Cc)... | 
*E=aE=H b=. EO 


+ eee + 
the expression required. This is Lagrange’s* theorem for 
interpolation. ee 


If we assume that the values are consecutive and equi- 
distant, i.e. that u,, u,...u,_, are given, the formula be- 


comes os 

way, Ter. (@—n+2)_ 9 2 (a1)... (a@—nt1) 

2 “et 7 2.3...(0—1) ™* 1.1.2... (n—2) 
+ ... 


* Journal deVEcole Polytechnique,.277. The real credit of the discovery 
must, however, be assigned to Euler; who, in a tract entitled De eximio usu 
methodi interpolationum in serierum doctrina, had, long before this, obtained a 
closely analogous expression. 
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_ a(e—1)...@—n+1)( WW, Uno 
en er ees (Gano ys 


where C2 


This formula may be considered as conjugate to (2), and 
possesses the advantage of being at once written down from 
the observed values of uv, without our having to compute the 
successive differences. But this is more than compensated for 
il practice, especially when the number of available obser- 
vations is large, by the fact that in forming the coefficients in (2) 
we are constantly made aware of the degree of closeness of 
the approximation by the smallness of the value of A”u,, 
and can thus judge when we may with safety stop. 


As the problem of interpolation, under the assumption that 
the function to be determined is rational and integral and of 
a degree not higher than the (n — 1)", is a determinate one, 
the different methods of solution above exemplified lead to 
consistent results. All these methods are implicitly contained 
in that of Lagrange. 


The following are particular applications of Lagrange’s 
theorem. 


5. Given any number of values of a magnitude as ob- 
served at given times ; to determine approximately the values 
of the successive differential coefficients of that magnitude at 
another given time. 


Let a, b,... & be the times of observation, u,, u,, ... u, the 
observed values, « the time for which the value is required, 
and u, that value. Then the value of u, is given by (10), 
and the differential coefficients can thence be deduced in the 
usual way. But it 1s most convenicnt to assume the time 
represented above by z as the epoch, and to regard a, b, ... k 
as measured from that epoch, being negative if measured 


backwards. The values of ae we .»» will then be the 
coefficients of a, 2°, ... in the development of the second 
member of (10) multiplied by 1,1.2, 1.2.3, ... successively. 
Their general expressions may thus at once be found. Thus 


+ 
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in particular we shall have 


dz *G—Qta-0)..(a-m te (OP) 
au bok (pt yg tagt ) 
dg? = t1-2. Ua + eee (13). 
x (a —b) (a—c)... (a—k) 


Laplace’s computation of the orbit of a comet is founded 
upon this proposition (Mécanique Celeste). 


6. The values of a quantity, e.g. the altitude of a star at 
given times, are found by observation. Required at what 
intermediate time the quantity had another given valuc. 


Though it is usual to consider the time as the independent 
variable, in the above problem it 1s most convenient to con- 
sider the observed magnitude as such, and the time as a 
function of that magnitude. Let then a, 6, ¢,... be the values 
given by observation, u,, u,, u,,-.. the corresponding times, 
x the value for which the time is sought, and uw, that time. 
Then the value of u, is given at once by Lagrange’s theorem 


(10). 


The problem may however be solved by regarding the time 
as the independent variable. Representing then, as in the 
last example, the given times by a, b,... k, the time sought 
by x, and the corresponding values of the observed magnitude 
by u,, U,,--. &%, and w,, we must by the solution of the same 
equation (10) determine a. 


The above forms of solution being derived from different 
hypotheses, will of course differ. We say derived from dif- 
ferent hypotheses, because whichsoever element is regarded 
as dependent is treated not simply as a function, but as a 
rational and integral function of the other element; and thus 
the choice affects the nature of the connexion. Except for 
the avoidance of difficulties of solution, the hypothesis which 
assumes the time as the independent variable 1s to be pre- 
ferred, 
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Ex. Three observations of a quantity near its time of 
maximum or minimum being taken, to find its time of maxi- 
mum or minimum. 


Let a, b, c, represent the times of observation, and u, the 
magnitude of the quantity at any time z. Then w,, wu, and 
u, are given, and, by Lagrange’s formula, 

_ (#—b) (z-C¢) (2 —c) (%—a) (2—a) («—b) 

Mee (qb) (a0) * “(b= 0) ba) * (=a) (0—8)’ 
and this function of # is to be a maximum or minimum. 
Hence equating to 0 its differential coefficient with respect 
to 2, we find 


(2 ~ ct) th, + (08 = a) ty + (a = 8) 
2 {(b —c) u, + (¢— a) u, + (a — b) u,} 
This formula enables us to approximate to the meridian 


altitude of the sun or of a star when a true meridian observa- 
tion cannot be taken *. 


(14). 


c= 


7. As was stated in Art. 4, Lagrange’s formula is usually 
the most convenient for calculating an approximate value of 
wu, from given observed values of the same when these are 
not equidistant. But in cases where we have reason to 
believe that the function is periodic, we may with advantage 
substitute for it some expression, involving the right number 
of undetermined coefficients, in which % appears only in the 
arguments of periodic terms. Thus, if we have 2n + 1 obser- 
vations, we may assume 


u,= A,+A,cosx+A,cos2x+...+ A, cos nx 
+ B snav+ B,sin2e+...+ B,sinnx (15), 


and determine the coefficients by solving the resulting linear 
equations. 


Gausst has proved that the formula 
sin ; (2 — b) sin : (2 —C)... sin 5 (2 — k) 


Ua+... (16), 


UU, = 


sin 5 (a —8) sin 5 (a—0) ...sin 5 (ab) 


* A special investigation of this problem will be found in Grunert, xxv. 237, 
t Werke, Vol. I, p. 231, 
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is equivalent to (15), u,, u,,-..%, being assumed to be the 
2n+1 given values of u,. It is evident that we obtain 
U, =u, When for 2 we substitute a in it, and also that when 
expanded it will only contain sines and cosines of integral 
multiples of « not greater than nx; and as the coefficients 
of (15) are fully determinable from the data, it follows that 
the two expressions are identically equal. 


8. Cauchy* has shewn that if m+n values of a function 
are known, we may find a fraction whose numerator is of 
the n™, and denominator of the (m —1)™ degree, which will 
have the same m+n values for the same values of the 
variable. He gives the gencral formula for the above frac- 
tion, which is somewhat complicated, though obviously satis- 
fying the conditions. We subjoin it for the case when 


m=2, n=1, 


_ WU, (6 —c) (@—a) + «. = 
MU C=de@=at.. A 


When m =1 it reduces of course to Lagrange’s formula. 


Application to Statistics. 


9. When the results of statistical observations are pre- 
sented in a tabular form it is sometimes required to narrow 
the intervals to which they correspond, or to fill up some 
particular hiatus by the interpolation of intermediate valucs. 
In applying to this purpose the methods of the foregoing 
sections, it is not to be forgotten that the assumptions which 
they involve render our conclusions the less trustworthy in 
proportion as the matter of inquiry is less under the dominion 
of any known laws, and that this is still more the case in 
proportion as the field of observation is too narrow to exhibit 
fairly the operation of the unknown laws which do exist. 
The anomalies, for instance, which we meet with in the at- 
tempt to estimate the law of human mortality secm rather to 


* Analyse Algébraique, p. 528, but it is better to read a paper by Brassine 
(Liouville, x1. 177), in which it is considered more fully and as a case of a more 
general theorem. This must not be confounded with Cauchy’s Method of 
Interpolation, which is of a wholly different character and does not need notice 
here. He gives it in Liouville, 11. 193, and a consideration of the advantages 
it possesses will be found in a paper by Bienaymé, Comptes Rendus, xxxvil. or 
Liouville, xvii. 299. 
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be due to the imperfection of our data than to want of conti- 
nuity in the law itself. The following is an example of the 
anomalies in question. 


Ex. The expectation of life at a particular age being 
defined as the average duration of life after that age, it 1s 
required from the following data, derived from the Carlisle 
tables of mortality, to estimate the probable expectation of 
life at 50 years, and in particular to shew how that estimate 
is affected by the number of the data taken into account. 


Age. Expectation. Age. Expectation, 

10 48°82 = u, 60 14°34 =u, 
20 41:46 =u, 70 918=u, 
30 34°34 = u, 80 551=4, 
40 27°61 =u, 90 3°28 = u, 


The expectation of life at 50 would, according to the above 
scheme, be represented by u, Now if we take as our only 
data the expectation of life at 40 and 60, we find by the 
method of Art. 3, 

U= —=— = 20°97 (a). 


If we add to our data the expectation at 30 and 70, we 
find 


1 
U,= : (tt, + U,) — Fr (u,+u,) = 20°71 (d). 
If we add the further data for 20 and 80, we find 
a | (te, + Us) — 10 (Us + U,) + 30 (u, + Us) = 20°75 (c). 
And if we add in the extreme data for the ages of 10 and 
90, we have 
tiy= > (uy, +14) — (ty + 14) 
IO ee LO 


8 1 
—- 70 (ug + Uy) — 70 (u, + Up) = 20°776 (7). 


We notice that the second of the above results is consider- 
ably lower than the first, but that the second, third, and 
fourth exhibit a gradual approximation toward some value 
not very remote from 20°8. 
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Nevertheless the actual expectation at 50 as given in the 
Carlisle tables 1s 21:11, which is greater than even the first 
result or the average between the expectations at 40 and 60. 
We may almost certainly conclude from this that the Carlisle 
table errs in excess for the age of 50. 


And a comparison with some recent tables shews that this 
is so. From the tables of the Registrar-General, Mr Neison* 
deduced the following results. 


Age. Expectation. Age. Expectation. 

10 47°7564 60 14°5854 
20 40°6910 70 9°2176 
30 340990 80 5°2160 
40 27°4760 90 2°8930 
50 20°8463 


Here the calculated values of the expectation at 50, corre- 
sponding to those given in (a), (b), (c), (d), will be found 
to be 


21°0307, 20°8215, 208464, 20°8454. 


We see here that the actual expectation at 50 is less than 
the mean between those at 40 and 60. We see also that the 
second result gives a close, and the third a very close, approxi- 
mation to its value. The deviation in the fourth result, which 
takes account of the extreme ages of 10 and 90, seems due to 
the attempt to comprehend under the same law the mortality 
of childhood and of extreme old age. 


When in an extended table of numerical results the differ- 
ences tend first to diminish and afterwards to increase, and 
some such disposition has been observed in tables of mor- 
tality, it may be concluded that the extreme portions of the 
tables are subject to different laws. And even should those 
‘aws admit, as perhaps they always do, of comprehension 
under some law higher and more general, 1t may be inferred 
that that law is incapable of approximate expression in the 
particular form (Art. 2) which our methods of interpolation 
presuppose. 


* Contributions to Vital Statistics, p. 8. 
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Areas of Curves. 


10. Formule of interpolation may be applied to the ap- 
proximate evaluation of integrals between given limits, and 
therefore to the determination of the areas of curves, the con- 
tents of solids, .... The application is convenient, as it does 
not require the form of the function under the sign of in- 
tegration to be known. The process is usually known by the 
name of Mechanical Quadrature. 


Prop. The area of a curve being divided into n portions 
bounded by n+1 equidistant ordinates u,, u,,...u,, whose 
values, together with their common distance, are given, an 
approximate expression for the area is required. 


The general expression for an ordinate being w,, we have, 
if the common distance of the ordinates be assumed as the 


unit of measure, to seek an approximate value of [ Udon, 


Now, by (2), 
U, =U, + TAU, +2e~ 1) a2 pT?) sy Upt.. 
Hence 


[ude =u, [ de+ du, | ve + 8 a (a@~-1) dx 
+re'3/ x ( ~ 1) («—2) de+.. 


and effecting the integrations 


‘ph 2 8 g 9 4 8 
| u,da = nu, + Au, +(F- 5) pt (Got) Ae Uy 


: ss 3 1.27 \4 2.3 
Gets) cata 
+(G- ant ee a + 12n*) s- ne 
+ (5 — 8 7 Oy Be Gon’) om 
+. (18). 
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It will be observed that the data permit us to calculate 
the successive differences of u, up to A*u,. Hence, on the 
assumption that all succeeding ditferences may be neglected, 
the above theorem gives an approximate value of the integral 
sought. The following are particular deductions. 


Ist. Let n=2. Then, rejecting all terms after the one 
involving A®w,, we have 


2 
| u,dz = 2u,+ 2Au, + $A*u,. 
0 
But Au,=u,—u,, A’u,=u,—2u,+4u,; whence, substi- 
tuting and reducing, 
2 
| A ep ea + Uy 
. 3 
If the common distance of the ordinates be represented by 
h, the theorem obviously becomes 


ah 
| u,dxa = Ma A te h 


(19), 
0 
and is the foundation of a well-known rule in treatises on 
Mensuration, 


2ndly. If there are four ordinates whose common distance 
is unity, we find in like manner 
8 
| u,dx = Site, + Bu, Fo) (20). 
0 
srdly. If five equidistant ordinates are given, we have in 
like manner 
4 
| U,An = 14 (u, + u,) + 64 (u, + u,) + 24u, 
P 45 
4thly. The supposition that the area is divided into six 
portions bounded by 7 equidistant ordinates leads to a re- 
inarkable result, first given by the late Mr Weddle (JMath. 
Ateh ae: Vol. 1x. p. 79), and deserves to be considered in 
detail. 


(21). 


Supposing the common distance of the ordinates to be 
unity, we find, on making n=6 in (18) and calculating the 
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coefficients, 

: : 5, 1 123 As 

u,dx = bu, + 18Au, + 27A*u, + 24A°u, + 0 A‘u, 

0 

33,5 Al ,, : 
41. 42 3 
Now the last coefficient 140 differs from {0 Io by the 

small fraction ae and as from the nature of the approxima- 


140’ 
tion we must suppose sixth differences small, since all suc- 
ceeding differences are to be neglected, we shall commit but 


a slight error if we change the last term into = A*u,. Doing 


this, and then replacing Au, by u,—u, and so on, we find, on 
reduction, 


6 
3 
| “do {fo {Uy + U,+U, + Ug t+ 5 (u, + u,) + 6u,}, 
which, supposing the common distance of the ordinates to be 
h, gives 


6h 
| UAL = oh {by + Ug, + Uy, + Ug, + 5 (U, + Uy) + 62} (23), 


0 
the formula required. 


It is remarkable that, were the series in the second member 
of (22) continued, the coefficient of A’u, would be found tu 
vanish. Thus while the above formula gives the exact area 
when fifth differences are constant, it errs in excess by only 


= A*®u, when seventh differences are constant. 


The practical rule hence derived, and which ought to find 
a place in elementary treatises on mensuration, is the fol- 
lowing: 


The proposed area being divided into six portions by seven 
equidistant ordinates, add into one sum the even ordinates 
5 times the odd ordinates and the middle ordinate, and mul- 
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tiply the result by = of the common distance of the ordi- 
nates. 


Ex. 1. The two radii which form adiameter of a circle are 
bisected, and perpendicular ordinates are raised at the points 
of bisection. Required the area of that portion of the circle 
which is included between the two ordinates, the diameter, 
and the curve, the radius being supposed equal to unity. 


The values of the seven equidistant ordinates are 


2°’ 3’ 6 6’ 3’ § 


2 » 
: . a | 
and the common distance of the ordinates is =. The area 


6 
hence computed to five places of decimals is ‘95661, which, on 


ui pS will be found to 


comparison with the known value 6 


be correct to the last figure. 


The rule for equidistant ordinates commonly employed 
would give ‘95658. 


In all these applications it 1s desirable to avoid extreme 
differences among the ordinates. Applicd to the quadrant 
of a circle Mr Weddle’s rule, though much more accurate 
than the ordinary one, leads to a result which is correct only 
to two places of decimals. 


Should the function to be integrated become infinite at or 
within the limits, an appropriate transformation will be 
needed. 


Ex. 2. Required an approximate value of | ; log sin 6d0. 


The function log sin @ becomes infinite at the lower limit. 
We have, on integrating by parts, 


{ log sin 6d8 = O log sin 6 — | 6 cot 6d8, 
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hence, the integrated term vanishing at both limits, 


f log sin 0d@ = — f? A cot 6dé. 


The values of the function @ cot 0 being now calculated for 
: 7 2a _7 
the successive values 0=0, 0= 12” d= [pee é= * and 


the theorem being applied, we find 


— [*6 cot 60 =— 1:08878 
0 
The true value of the definite integral is known to be 


T 1 
9 log (5) , or — 1°08882. 


11. Lagrange’s formula enables us to avoid the interme- 
diate employment of differences, and to calculate directly the 


coefficient of u,, in the general expression for | u,dx. If we 


represent the equidistant ordinates, 2n+1 in number, by 
Uy, U,---U,,, and change the origin of the integrations by 
assuming a—n=y, we find ultimately 


Qn 
i U,AL=A U,tA, (Ung, +Un +A (Uprgt Ung)» tAn(Uy, FU) 


where generally 


Ai a ee a See 
7 1.2...(44+7)1.2...(n—71) 
. a a dy (24). 


A similar formula may be established when the number of 
equidistant ordinates is even. 


12. The above method of finding an approximate value 
for the area of a curve between given limits is due to Newton 
and Cotes. It consists in expressing this area in terms of 
observed values of equidistant ordinates in the form 


Area = Au, +Awut+..., 
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where A,, A,,... are coefficients depending solely on the 
number of ordinates observed, and thus calculable beforehand 
and the same for all forms of uw, It is however by no 
means necessary that the ordinates should be equidistant ; 
Lagrange’s formula enables us to express the area in terms of 
any ” ordinates, and gives 


f ude = Au, + Aj, +... (25), 
q 

__ [’ @—5) (wo)... 
where a) Gob) G0) a dx (26). 


Now it is evident that the closeness of the approximation 
depends, first, on the number of ordinates observed, and 
secondly, on the nature of the function u,. If, for instance, 
u, be a rational integral function of # of a degree not higher 
than the (n —1)", the function is fully determined when n 
ordinates are given, whether these be equidistant or not, and 
the above formula gives the area exactly. 


If this be not the case, it 1s evident that different sets of 
observed ordinates will give different values for the area, the 
difference between such values measuring the degree of the 
approximation. Some of these will be nearer to the actual 
value than others, but it would seem probable that a know- 
ledge of the form of u, would be required to enable us to 
choose the best system. But Gauss* has demonstrated that 
we can, without any such knowledge, render our approxi- 
mation accurate when uw, is of a degree not higher than the 
(2n — 1)" if we choose rightly the position of the n observed 
ordinates, 


This amounts to doubling the degree of the approximation, 
so that we can find accurately the area of the curve y= u, 
between the ordinates to « = p, x =q, by observing 7 properly 
chosen ordinates, although uw, be of the (2n — 1) degree. 


The following proof of this most remarkable proposition 
is substantially the same as that given by Jacobi (Crelle, 
Vol. 1. 301). 


* Werke, Vol. 111. p. 203. 
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Let ” ud be the integral whose value is required, where 


u,18 a rational and integral function of the (2n — 1)" degree. 
Let u,, u,--. be the n observed ordinates, and f(x) the ex- 
pression which they give for u, by substitution in Lagrange’s 
formula, Let 


A(z—a)(a—b) ... =M, 


where A is a constant. 


Since u,—f(z) vanishes when z=a, b,... it must be 
equal to MN where WN is rational, integral, and of the 
(n—1)™ degree, and the error in the approximation is 


| " MNdz, which we shall now shew can be made to vanish 


by properly choosing M, i.e. by properly choosing the ordi- 
nates measured. 


Now 
{ MN de= MN - | MN’ dex 


= MN-UN' + | MN" de = &e. 


= M,N — M,N’ +. &e. — (— 1)" M,N“, 


denoting by M, the result of integrating M « times, and by 
N) the result of differentiating NV « times; and remembering 
that NV" is a constant. 


Taking the above integrals between the given limits, we 
see that the problem reduces to making M, vanish at each 
limit for all values of r from r=1 to r=n. 


This is at once accomplished by taking 


w= t{@-p) eo" 

dz 
for it is thus a rational and integral function of a of the 
n“ degree, such that all its first n integrals can be taken 
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to vanish at the given limits. That this is the case is 
seen at once when we consider that the parts independent 
of the arbitrary constants will contain some power of 
(2 —p) (~—q) as a factor, and will thus vanish at both limits, 


The coefficients A,, A,...in | F () dx will of course be 


functions of p and q of the form given in (26). In order 
to save the trouble of calculating them for all values of the 
limits, it is usual to transform the integral, previously to 
applying the above theorem, so as to make the limits 1 and 
—1. We then have 


= d" (2* — 1)" _ [2n n nv’ (n—1) n-2 
Me de le {= Bn Gn=1)” 


n’ (n — 1)? (n — 2) (n—8) es 
‘Reh pee 


and a, b,c... are the roots of I’ =0, which are known to be 
real, since those of (2*—1)"=0 are all real. 


13. We shall now proceed to demonstrate a most im- 
portant formula for the mechanical quadrature of curves. 
It was first given by Laplace*, and will be seen to be closely 
allied to (18). 


Since 


ee ee oe A 
1+A=0,.AsD5=D)-—* a} 


aus heat 
=~ dz log (1+ A) } 
_a A 1 gag, Liga 7 


Integrate between limits 1 and 0, remembering that 


[w,] = Aw,, 


* Mécanique Céleste, rv. 207. 
+ The coefficients of the powers of ¢ in EG may be calculated either 
directly, or by the method in Ex. 18 at the end of this Chapter. 


54 ON INTERPOLATION, [CH. III, 


and we easily get, writing u, for Aw,, 


| do=41 +o~ va 


u+tu, 1 . 1 Sy 
ig? ye Ue tag ta eee 


2 
Writing down similar expressions for | udz, ... and 
adding, we obtain 


u u 
U,AL = —L+U, FU, t+. +5 
[ 2 1 2 2 


1 
~ 192 (Au, _ Au,) 
1 A? A? ) 
+ 54! by — AU, 


— on (27), 
since 
A’u, + Au, + ... =A (Au, + Au, + ...) =A™ (u, —u,). 
This formula has the disadvantage of containing the dif- 


ferences of u,, which cannot be calculated from the values 
Uoy Uy vee Une We may remedy this in the following way: 


n 


—A 
A - —- et EO — E — -Ak”™ oe e 
log (1+ A) lo (1-. ca) log (1 —-Ad™)’ 
SET T+8 


A Lag bas } 
04+5-754 tag at— -)w 


me _l 1 1 2 a 8 71-8 
=E1 5 AE*— 1 NEt— 3 ME ~ ba 
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Removing the first two terms from each side since they 
are obviously equal, and writing wu, for Aw,, we get 


1 a _ 1 : 
— 795 Ave + 94 An eee = — 79 AUna— 54 A‘u..— eos 
and the formula becomes 
a Uy 
| ude= g tht tet 
1 
_ Te (Au, —_ Au,) 
1 jas 2 
— 94 (A*u,_,+A*u,) 
— 2. (28), 


In the above investigation we have in reality twice per- 


formed the operation on both sides of an equation. We 


shall see that Au, = Av, only enables us to say u,=v,+C 
and not u,=v,; hence we should have added an arbitrary 
constant. But the slightest consideration is sufficient to 
shew that this constant will in each case be zero, 


14, The problems of Interpolation and Mechanical Quadrature are of the 
greatest practical importance, the formule deduced therefrom being used 
in all extended calculations in order to shorten the labour without affecting 
greatly the accuracy of the result. This they are well capable of doing; 
indeed Olivier maintains (Crelle, 11. 252) that calculations proceeding by 
Differences will probably give a closer approximation to the exact result 
than corresponding ones that proceed by Differential Coefficients. In con- 
sequence of this practical value many Interpolation-formulex have been 
arrived at by mathematicians who have had to do with actual calculations, 
each being particularly suited to some particular calculation. All the most 
celebrated of these formulsw will be found in the accompanying examples. 
Examples of calculations based upon them can usually be found through 
the references; the papers by Grunert (Archiv, xiv. 225 and xx. 361), which 
contain a full inquiry into the subject, may also be consulted for this pur- 
pose. Numerical examples of the application of several Interpolation-for- 
mul may also be found in a paper by Hansen (Relationenzwischen Summenund 
Differenzen, Abhandlungen der Kiin. Sdichs. Gesellschaft, 1865), in which also 
he gives a very detailed inquiry into the various methods in use, with numerical 
calculation of coefficients, .... We must warn the reader against the notation, 
which is unscientific and wholly in defiance of convention, e.g. Ay,,, and 
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Aty, are used to represent the Ay, and Aty,_, of the ordinary notation. 
A good paper on the subject by Encke (Berlin. Astron. Jahrbuch, 1830), from 
which Ex. 7 is taken, labours under the same disadvantage; and Stirling’s 
furmula (Ex. 9) is seldom found stated in the correct notation. 


In speaking of the developments which the theory has received we must 
mention an important Mémoire by Jacobi (Crelle, xxx, 127) on the Cauchy 
Interpolation-formula of Art. 8, In it the author points out the advantages 
that 1t possesses over others, and subjects it to a very full investigation, 
representing the numerator and denominator in various forms as determi- 
nauts, and considering especially the case when two or more of the values 
of the independent variable approach equality. A paper by Rosenhain 
which follows immediately after it treats also of the above formula in repre- 
senting the condition that two equations ¢(z)=0 and f(«)=0 should have 


a common root, in terms of the values of the expression 9 (2) for different 


J (x) 
values of 2. 


But the most important researches in the theory of Interpolation have had 
reference to the Gauss-formula of Art. 12. Minding (Crelle, v1. 91) extends 
it to the approximate evaluation of double integrals between constant limits. 
Christoffel (Creile, uv. 61) investigates the more general problem of deter- 
mining the ordinates we should choose for observation when certain ordinates 
are already given, so that the approximation may be as close as possible. 
Mehler (Credle, ux111. 152) shews that a closely analogous method enables 
us to calculate integrals of the form 


1 
[a -a arenes @) ae 
-] 


with great accuracy, the position of the ordinates chosen being in this case 
determined by the roots of the equation of the n* degree 


(l—2x)-A (1+2)-# “. ia — z)"ta (14+2)°t#{ =0, 
\ and » being each > - 1. 
Jacobi had previously examined the case in which \=p= -53 in other 
words, he had shewn that in 
1 _F@) ™ 
————— dx or | f (cos 0)d0 
= | a/ I = x [ : 


the positions of the co-ordinates to be chosen after the analogy of the Gauss- 
formula are given by the roots of 


1-2? = (1-z*)*-#=0, 
1 


which is equivalent to cos (ncos~!z)=0. Hence z=cos eae wT. 
In this case the coefficients A,, A,,... (see (26), page 51) are all equal, 


each being ~ , and the formula becomes 


[110080 a=" | 7 (cos i) +4 (con5t) +...+ f (cos sie r)} ‘ 
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In most of the above papers the magnitude of the error caused by using 
the approximate formula imstead of the exact value of the function is 
investigated. 

The special importance of the method becomes evident when we con- 
Sider the close relation between it and the celebrated Laplace’s functions. 
This is seen by comparing the expression for the n‘* Laplace’s coefficient 
of one variable, 

l= d"(x”?-1)" 
Pa= pn |jn° dam” 
with the value of M in Art. 12; and the similarity of the corresponding 
expressions for two variables is equally great. In fact the Gauss-method may 
be represented as follows :— 


Let u, be a rational integral function of the (2n — 1) degree, and Y,, be the 
nv» Laplace’s coefficient. Divide u, by Y,, and let N be the quotient and 
f (z) the remainder which is of the (n—1)" degree. Thus u,=/(z)+Y,.N. 
Integrate between the limits 1 and —1, and since N is of a lower degree 

1 


than Y,, Y,Ndz=0, and we are left with | f(z) dz which is accurately 


found by tho Lagrange-formula from the n observed values of u,. 


In consequence of this close connexion the method is of great import- 
ance in the investigation of Laplace’s Functions and of the kindred subject 
of Hypergeometrical Series. Heine’s Handbuch der Kugelfunctionen will 
supply the reader with materials for discovering the exact relation in which 
they stand to one another, or he may compare a paper by Bauer on Laplace’s 
functions (Crelle, uv. 101) with that by Christoffel given above. For in- 
stances of numerical calculation he may consult Bertrand (Int, Cal. 339), 
where, however, the limits 1 and 0 are taken. 


EXERCISES, 


1. Required, an approximate value of log 212 from the 
following data: 


log 210 = 23222193, log 213 = 23283796, 
log 211 = 2°3242825, log 214 = 23304138. 


2. Find a rational and integral function of « of as low a 
degree as possible that shall assume the values 3, 12, 15, 
and — 21, when « is equal to 3, 2, 1, and —1 respectively. 


3. Express v, and v, approximately, in terms of u,, v,, %, 
and v,, both by Lagrange’s formula and the method of (7), 
Art. 4. 
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4, The logarithms in Tables of decimal places differ 


from the true values by + at most. Hence shew that 


5 
10°"? 
the errors of logarithms of n places obtained from the Tables 
by interpolating to first and second differences cannot exceed 
+ i Tort e and + To x ote respectively, e ‘and e’ being the 
errors due exclusively to interpolation. (Smith’s Prize.) 


5. The values of a function of the time are a,, a,, a,, a, 
at epochs separated by the common interval h; the first dif- 
ferences are d,, d’,, @”,, the second differences are d,, d’,, and 
the third difference d,. Hence obtain the following ‘formulw 
of interpolation to third differences: 


, ad, d\t dt dt 
FQ =a,+ (4, “3-S)i at 6 
d, d\t d,t 4? 
2 “et ee ee 


t being reckoned in the first case from the epoch of a,, and in 
the second from that of a,. 


or f@=a, +(¢, +- 


6. If P, Q, R, S, ... be the values of X, an unknown 
function of z, corresponding to «=p, q, 7, 8, ..., shew that 
(under the same hypothesis as in the case of Lagrange’s 
formula), 


A=P +(a—p) {p,q} + (@—p) (@—-g) [par}t «> 
where generally 
ee See ee eee 
iP, ae a ry (p—r)... * (q—p) (qr). 


7. Shew that, in the notation of the last question, if 
Qq—-psr-q=s-re= oc — 1, 
, AP . 
LPs % m8" 19.3 : 
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and apply the theorem to demonstrate that 
w(e—1), 


(l) uy =u, +2du, $2 9 A’*u,_, 
4 &(e— 1) (@+1),, x (x*—1) (wx—2) ,, 
1.2.3 Alu, + 1.2.3.4 Meat eh 
1 
(2) Uy, =U, + vAu,_,+ ze ) a2 nd 


eee (w7+1) 5 a (x*—-1) (+2) Q, 
9.3 ~AMat ggg Nat 


8. Shew that the function 
(t—a) (¢—)d) $e 
(a —b) (a—c) 


becomes unity shai t= a, and zero when t=), ¢, ..., and 
deduce Ex. 6 therefrom. 


9. Demonstrate Stirling’s er a 
t(t?— 
2153 :s 
ee t* (t? — 
1.2.3. . 
(Smith’s Prize, 1860.) 


t 7 2 8 
=U t 5A (Uy +t) + og Aw, + —— 


) Ate , + 


10. Deduce Newton’s formula for Interpolation from 
Lagrange’s when the values are equidistant. 


1}. If w radii vectores (u being an odd integer) be drawn 
from the pole dividing the four right angles into equal 
parts, shew that an approximate value of a radius vector (Up) 
which makes an angle @ with the initial line is 


1 sin 5 (0 — a) 
Ug = = 2 meme Uh, 
B sin 5 (0 — a) 


where a, 6, ... are the angles that the yw radii vectores make 
with the initial line, 
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12. Assuming the formula for resolving 


ee AC) 
(x —a) (a —b)...(a —k) 


into Partial Fractions, deduce Lagrange’s Interpolation- 
formula. 


13. If ¢(x)=0 be a rational algebraical equation in 2 
of any order, and z,, 2,...2, be taken to represent ¢ (1), 
f (2), ... & (Kk), find under what conditions 

r=k r 
Aha" ce oe 4, (2, = z,). os (2, ~~ z,) 


may be taken as an approximate root of the equation. 


14. Demonstrate Simpson’s rule for finding an ap- 
proximate value for the area of a curve, When an odd number 
of equidistant ordinates are known, viz.: To four times the 
sum of the even ordinates add twice the sum of the odd 
ones; subtract the sum of the extreme ordinates and multiply 
the result by one-third the common distance. 


15*. Shew that Simpson’s rule is tantamount to consider- 
ing the curve between two consecutive odd ordinates as pa- 
rabolic. Also, if we assume that the curve between each 
ordinate is parabolic, and that it also passes through the 
extremity of the next ordinate (the axes of the parabole 
being in all cases parallel to the axis of y), the area will be 
given by 


1 ghee Ses 
Area =h E = 94425 (Y + Vn) — 4 (y, + Yas) + Y, + vt | : 


16+. Given u, and w,,,, and their even distances, shew 


+1? 


that 
JWG. Digs, Wed ae. ee aa — 
Mag +e ~ sega To pte tte 


* On the comparative merits of these and similar methods see Dupain 


(Nouvelles Annales, xvi1. 288). 
+ The notation in this formula (due to Gauss) is that referred to on the 
top of page 56. 
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17. Shew that 


Une = U, — xcAu,., — a A» 


a (2+ 8r—1) (w4+3r—2) ,, 
x ieee a 2 aa Aru apt oe 


Au, = A"u,_, +nA™ wu, + ain fa ais a ae 


In what cases would the above formula be especially 
useful ? 


18. Shew that the coefficient of A’u, in (27) is equal to 


(r+1) 


as 0 
Neste 


0 


and hence shew the exact relationship in which (27) and 
(18) stand to each other, 


19*, If from the values u,, u,... of a function corre- 
sponding to values a, b, c... of the variable, we obtain an 
Interpolation-formula, 
u,=Uu, +B (*@—a)+C (a—a) (a —b) + D(a —a) (1-5) (x —c) 

oP hat 


P) 


shew that 
B= 


b—a c—a d—a’ *" 
where A®@ (a, 8, ...) = b (b,c, ...) — b (a, b,...). 
Deduce (2), page 35, from the above formula. 


* Newton’s Principia, Lemma v. Lib. 11. This is the first attempt at 
finding a general Interpolation-formula, and gives a complete solution of the 
problem. The result is of course identically that obtained by Lagrange’s 
formula, though in a very different form. 
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CHAPTER IV. 


FINITE INTEGRATION, AND THE SUMMATION OF SERIES. 


1. THE term integration is here used to denote the process 
by which, from a given proposed function of 2, we determine 
some other function of which the given function expresses the 
difference. 


Thus to integrate u, 1s to find a function v, such that 
Av, = u,: 


The operation of integration is therefore by definition the 
inverse of the operation denoted by the symbol A. As such, 
it may with perfect propriety be denoted by the inverse form 
A”. It is usual however to employ for this purpose a distinct 
symbol, 2, the origin of which, as well as of the term inte- 
gration by which its office 1s denoted, it will be proper to 
explain. 


One of the most important applications of the Calculus 
of Finite Differences is to the finite summation of serics. 


Now let u,, u,, U,, -.. represent successive terms of a series 
whose general term is u,, and let 
Vg = Ug t Ugg, HF Unger t Ue, (1). 


Then, a being constant so that w, remains the initial term, 
we have 
Vergy = Ug H Ugg, Hees F Uz H Uy: (2). 
Hence, subtracting (1) from (2), 
Av, = Uz, os Vz = AU, 
It appears from the last equation that A™ applied to u, 
expresses the sum of that portion of a series whose general 


term is w,, which begins with a fixed term uw, and ends with 


u,_. On this account A“ has been usually replaced by the 
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symbol 2, considered as indicating a swmmation or integra- 
toon. At the same time the properties of the symbol &, 
and the mode of performing the operation which it denotes, 
or, to speak with greater strictness, of answering that question 
of which it is virtually an expression, are best deduced, and 
are usually deduced, from its definition as the inverse of the 
symbol A. 


Now if we consider 2u, as defined by the equation 
Dy = Ugg Ht Mang Hees $ Uy (3), 


it denotes a direct and always possible operation, but if we 
consider it as defined by the equation 


Lu, = Au, (4), 


and as having for its object the discovery of some finite ex- 
pression v,, which satisfies the equation Av, = u,, it is inter- 
rogative rather than directive (Diff. Hquat. p. 376, Ist ed.), 
it sets before us an object of enquiry but does not prescribe 
any mode of arriving at that object; nor does it give us the 
assurance that there is but one answer to the question it 
virtually propounds. A moment’s consideration, indeed, will 
assure us that the number of expressions that can claim to 
be denoted by Au, is infinite, since it includes the quantity 


UU, Pies, Ug; 


whatever value a may be supposed to have, provided only 
that it is one of the series of integral values which & is sup- 
posed to take. We cannot therefore consider the definitions 
of Su, contained in (3) and (4) as identical, and shall there- 
fore proceed to investigate the relation between them and 
the restrictions as to the use of each. 


It is obvious that the Sw, of (3) is one of the functions 
represented by the A™w, in (4), since it satisfies the equation 
Av, =u, But this is of no value to us unless we can recog- 
nize to which of the functions represented by Au, in (4) it 
is equal, or obtain an expression for it in terms of any one 
of them. This last we shall now proceed to do. 
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Let ¢ (z) be a function such that Ad («) = u,. 


-. & (a+1)—$(a)=4,, 
d (a+ 2)—9¢ (a+ 1)=4,,,, 


d (x) ~ p (%— 1) = Us, 
We (x) — b (4) =U, + Ug rereee +4u,_, = Su, in (3). 


Hence retaining for Sw, the definition of (4) we should 
write (3) thus: 
* Qu, — DU, = Ug tb Ug ygeeeees + Ue, (5). 


Again suppose 3w, to be defined by (3) and be equal to 
¢ (x), and let the du, of (4) be given generally by ¢ (a) + w,, 


then u, = A {¢ (x) +,} = Ag (2) + Aw, =u, + Aw, ; 


.. Aw, =0, or w, does not change when z is increased by 
unity ; hence it remains constant while z takes all the series 
of values which it is permitted to take in any problem in 
Finite Differences. Since then w, will remain unchanged, 
so far as we shall have to do with it, we shall denote it by 
C and regard it as a constant, and examine its true nature 
later on, (Art. 4, Ch. 11.) 


Hence regarding Su, as defined by (8) we should write 
(4) thus: 


Anu, = Su, +C (6). 


* Were it not that in so fundamental a theorem it is advisable to use only 
such methods as are beyond all suspicion as to their rigour, we might have 
arrived more easily at the same result symbolically, thus: 


Ugt Usyit...- Ue y= f{1+H4+ E?+...4+E7* Ju, 
a! U,= (E*-* -— 1) A-'u, = (E*-* - 1) Zu,, from (4)...(7), 


“E-1 

= ZU, — Zu, (8), 

which agrees with (5). But the method in the text is preferable, since tho 

steps in (7) and (8) presuppose a rigorous examination into the nature of the 

symbols A“ and 2 before we can state the arithmetical equivalence of the 

quantities with which we are dealing, i.e. some such investigation as that in 
the text. 
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We shall not dwell farther on this point, since the differ- 
ence between the 2u, of (3) and that of (4) is precisely 
b 


analogous to that between the definite integral | (2) dz, 
@ 


and the indefinite integral | ¢ (x) dz, and the precautions 


necessary to be taken in using them are identical with those 
to which we are accustomed in the Integral Calculus. In 
fact we adopt a notation for definate Finite Integrals stri- 
kingly similar to that for Definite Integrals in “the Infi- 


nitesimal Calculus, writing the Su, of (3) in the form 
T= ~=— 1 
T=a4 e 


Integrable Forms. 


2, As in Integral Calculus, we shall be able to obtain 
finite expressions for the integrals of but few forms, and must 
be content to express the integrals of others in the form of 
infinite series. Of such integrable forms the following are 
the most important, as being of frequent recurrence and re- 
ducible under general laws. 


1st Form. Factorial expressions of the form 
a (2—1)...(2—m+1) or 2 
in the notation of Ch. 11. Art. 2. 


We have 
Az = (m+1)2™; 
(m+2) 
(m) 
Be oes! +0, 
(@—1)...(a—m) 
aoe 1). 
or 2w#(@—1)....e—m+1)= m+ +C (1) 


Taking this between limits z=n and x=m,(n>mM), 
we get 
1.2...m+2.3...(m+1)+...+(n—m)...(n— 2) (n—1) 
_n(n—1)...(n—m) 
m+1 ; 
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Or we may retain C and determine it subsequently, thus 
1.2...m+2.3...m+1) 4+... +(n—m)...(n—2) (n—1) 
_n(n—1)... (n—™) 1g 
m+1 


Put n= m+1 and the series on the left-hand side reduces 
to its first term, and we obtain 


_(m+1)m...1 


1.2...m al 


$C 9 C=0. 


Thus also if u,= ax+6, we have 


Ugg 00+ Ung 40 (2), 


> a aun eA) 


Ex. 1. Sum the series 


3.5.7+5.7.9+... ton terms. 


Here a=2, b=5, m=3, and since we have to find the 
sum of 2 terms we must change n into 2+1 in the last 
formula, and we obtain 


= (2n +7) (2n +5) (2n + 3) 


= (247) Bn+ 5) On+3) (241), 6 
x2 


But n=1 gives us 


_9xTx5x8 105 
a eae er eee Cam; 


..8-5.7+5.7.9+... ton terms 
_ (2n +77) (2n + 5) (2n +3) (2n+1) 105 
8 ea 


2nd Form. Factorial expressions of the form 


1 


ca ee ee) (—m) 
a(%+1)...(¢+m—1) Cae 
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We have by Ch. 11. Art. 2, 


Ag) = (—m +1) 2™; 


(-m+1) | 
° (-m) _. 
e 6 >xv bomaaad + C 3 ( 
eae —m™m + 1 See ( ) 
x ee 
So also if u,=ax +6, we have 
1 —am 
A = (4); 
UpUings ++ Ung, — Ug Uenyy 00+ Ungan 
1 1 
*. {——_—___ = 0 - —________;; 
Wea a ive Wisi og UMUzUz ys +0 Up mas 
or, writing m —1 for m, 
1 1 
3 1__-0- + ___ 
Mia sae Wage (Mm — 1) UjUgy, +++ Ue gmo 


It will be observed that there must be at least two factors 
in the denominator of the expression to be integrated. No 


finite expression exists for = 


1 
ax + 6° 
Ex. 2. Find the sum of 7 terms of the series 


sl ie 9a 
1407 4.7.10 °°" 


We have here a=3, 6=—-2, m=3. 
.. Sum of (n —1) terms 


1 


1 
=m = O~ SXaxu,.u,,, 


UU Unig 


1 


~ C— §Gn—2) (8n+1)° 


Put 2=2 and we obtain 
1 1 1 


Tag oO ear Om mE: 
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Hence (writing n for n —1 and therefore n+1 for n) 


SE ne ee 
mere ~ 94 6 (38n +1) (8n +4)" 


As all that is known of the integration of rational functions 
is virtually contained in the two primary theorems of (2) and 
(5), it is desirable to express these in the simplest form*. 
Supposing then u, = ax +b, let 


Uy Uys ees Unig, = (ax + b)™, 


1 a 
2 atl. eee Usym—y 7 (2 - oh , 
then | 
(m) __ (az + b) is 
D> (ax + b) =r a(m +1) (6), 


whether m be positive or negative. The analogy of this result 
with the theorem 


f(ax + b)"dx = oe +C 


is obvious. 


We shall now shew how to reduce other forms to one of 
the preceding. 


3rd Form. Rational and integral functions, 


* As most of the summations of series whose n term is a rational 
function of n will have to be effected by these methods, and as such sum- 
mations are of very frequent occurrence, it is still more important to have a 
readily applicable rule for effecting them. The following is perhaps the most 
convenient form for finding the sum of n terms of such series :— 

: ae betes Ee nth vie ia its factors in ascending order of mag- 

; one factor at the en oe 
nitude, take away one factor at the beginning)" divide by the number of 
factors now remaining, and by the coefficient of x (in each factor), and 
add to ” 
subtract en a consbant: 

It is scarcely necessary to add that the upper line in the brackets must be 

taken when the terms are of the form wy tz_)... Uz—m4, and the lower when 


1 


of the form ——_—_——__-. 
Ug Ugyy --- Ustm-t 
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By Ch. 11. Art. 5 


$2) =9(0) + AGO) eH APO omy, (6). 


Let $(x) = Xv, and put C for (0), 


(2) 


x 
1.2 


“. 20,= O+a.u,+ - Av,+ ... (7), 
and the number of terms will be finite if v, be rational and 
integral. 


The series in (6) comes from the equivalence of the opera- 
tions denoted by the symbols £” and (1+A)”. In like 
manner we may obtain a cognate expression from the 
equivalence of E* and (1+ A)”. This gives us, when we 
perform them on ¢ (2), 


$(0) =$(a) — 2. Ag (a) +224 argiay — ... 
Putting as before $(z)=2v, and C for $(0), and trans- 
posing, we get 
So,= 0+ an, 2244) Av, +... (8)*. 
In applying the above to the summation of series we may 


avoid the use of an undetermined constant and render the 
demonstration more direct by proceeding as follows : 


Ut, tee Fe, = {Lt H+ E+... Br, 


_E*-1. (1+ Aj-1 
ae a 

x(2—1 
= {e+ we 9 Ag abe (9). 


*. That the constants in (7) and (8) are the same appears evident when we 
consider that (8) may be obtained from (7) by mere algebraical transforma- 
tion. The series-portions are in fact the results of performing the equivalent 
(1 4+A)*—1 1-(1+4+A)-* _, 


direct operations ~ A ON U,- 


70 FINITE INTEGRATION, [cH. IV. 


Here all the operations performed on v, are direct, and the 
result is given in differences of the first term. 
Kx. 3. To find the sum of z terms of the series 1°+ 2’+ 
Applying* (7) we have (since Av, =1, A’v, = 2) 
2192 pita yen 4 ZY , 2@—)) (@-2) 
1°4-2?+...4(2—-1)?= 2a? =C 4+ Paige eg 2. 


Putting x= 2 we see that C is zero, and adding x’ to both 
sides we obtain 


P48 at atenat MERD , Se“ De8) 


_ a2(a@+1) (2e+4+1) 
en ee 


Ex. 4. Find the sum of n terms of the series whose n™ term 
is 2° -+- 7n. 

We shall here apply formula (9). 

The first terms are 8 22 48 aS 


» » differences _,, 14 26 0 ee 
, second _,, 33 12 TS! accteciveres. 
,, third ‘ ” Oe Seseatge dace: 


sum of n terms = 8n+ 14+ ae as 


n(n—1) (n—2) _ ,n(n—1) (n—2) (n—8) 
ne = eg re 1.2.3.4 : 


4th Form. Any rational fraction of the form 
¢ (2) 


bd 
eo Usam 


* In practice it will be found better to resolve the n“ term into factorials 
and apply the rule given in the note to page 68, 
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u, being of the form az +b, and ¢ (z) a rational and integral 
function of a of a degree lower by at least two unities than 
the degree of the denominator. 


Expressing ¢ (a) in the form 
g (2) =A + Bu, + Cuu,,, +... + Buu, u 


41°°° “xem—g) 


A, B... being constants to be determined by equating coeffi- 
cients, or by an obvious extension of the theorem of Chap. 1. 
Art. 5, we find 


1 
5s ?@) cys py CE 
UgUg 0+ + Ua Ugh, rye oe* Unim Ue Unye4eys 0¢¢ Unim 
1 
+... + HXZ———_, 
cm Mnsm 


and cach term can now be integrated by (5). 


Again, supposing the numerator of a rational fraction to be 
of a degree less by at least two unities than the denominator, 
but intermediate factors alone to be wanting in the latter to 
give to it the factorial character above described, then, these 
factors being supplicd to both numerator and denominator, 
the fraction may be integrated as in the last case. 


Ex. 5. Thus uw, still representing az +b, we should have 


Se. 
a 3 
Uz less UzUb,, Uz allars 


with the second member of which we must proceed as before. 


Ex. 6. Find the sum of n terms of the series 
2 3 
1.3.4'2.4.5¢°" 
Here the n“* term 


_ n+1 _ nn? +2n+1 
(n+ 2) (n+3) n(nt]) (n+ 2) (n+ 3) 
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_— m(n+1tnt1 | 1 
~ n(n+1) (n+2)(n+3) (n+ 2) (n+8) 
1 1 


* Gl) (+2) (n +3) 1 n(n 41) +9) (n $3)’ 


The sum of n terms therefore, by the rule on page 68, 


a 
n+3 2(n+2)(n+3) 3(n+1) (n +2) (n+3) 
= C- 6n? + 21n +17 
6 (n+1) (n+ 2) (n +3)’ 
17 


and C can easily be shewn to equal 36° 


We thus can find the sum of n terms of any series whose 
n term is $(n), provided that ¢ (n) be either (1) a rational 
integral function of n, or (2) a fraction whose denominator 
is the product of terms of an arithmetical series that re- 
main a constant distance from the n™ term, and whose 
numerator is of a degree lower by at least two than its 
denominator*, 


Sth Form. Functions of the form a” or a°d(x) where 
¢ (a) is rational and integral. 


* Since ¢ (n) e* =¢ (D) e™* we may write 
f(a) +6 (a+1)+...6(a+n-1)=[¢ (D) fe + cet +.,, eeto- DH], 


-[o | Sat]. 


and the series may therefore be summed by the methods of Differential Cal- 
cuus or Differential Equations according as ¢ (n) is an integral function of n 
or not. That the result thus obtained is identical with that in the text 
follows from the identity demonstrated in (16) page 23, viz. 


¢ (D) y (0) =¥ (D) ¢ (0). 


For this gives 
efatn _ ,00 elatn)D _ eaD Este _ Fe 
¢ (D) Sur f= ayer $M = 2 


= {g(a +n) ~ g(a)} =Z9(a+n)- Zg(a), 
which agrees with the previous expression. 


ART, 2.] AND THE SUMMATION OF SERIES. 73 


From (13) page 8, we obtain at once Sa*=- =. For 


the integration of a*p(x) we shall have recourse to sym- 
bolical methods. 


2a" (x) = A-*a* (2) 
= (e?—1)7 84 b (2) 
as et lna (ernie _ 1)“*p(x)* 


=a" (ae? — 1)*$ (2) =a? {a (1 + A) — 19 (2) 


= {8 @)- 4b) 


a* 5 
+ gap see —..| (10), 
to which of course an arbitrary constant must be added. 


It will be found that the direct application of this theoremt 
is the simplest method of summing such series as have their 
x™ term of the form a’. d(z). 


* By means of the well-known formula f(D)e"* ¢(x)=e«™f(D +m) ¢ (2). 

The proof of this formula is given in Boole’s Diff. Eq. (First Ed., p. 385), 
and in many other books. 

+ The demonstration of (10) can be still farther simplified by quoting the 


theorem, 
f (E) a® ¢ (x) =a"f (aE) $ (2). 


This may be deduced from the formula above quoted, but is more readily 
demonstrated independently, since if A, EZ" be one term of the expansion 
of f(£) in powers of E we have 


A,, E" a*$(x)=A,a"*™ ¢ (x + 2) =a" . A, a" E" o(x) =a". A, (aE)" $(2), 
summing all such terms we get 
f (EB) a®p (2) =a®f (aE) ¢ (2), 
and the demonstration of (10) runs thus, 
A-} a®p (1) =(E- 1) a6 (2) =a*(a - 1)-* (2) 
=a™ {a(1+A)—-1} d(x)=.... 
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Ex. 7. Find the sum of the series 
1*, 2 + 2°, 27 + 37. 9°+ .... 
Sum to n terms 
=n? 2° + Sn? , 2" 
=n, 2” + 3 _ jt—5? An? + cs, ar'| +C 
= 2" {2n? — 4n + 6} + C. 


The method just given may be generalized to apply to all 
functions of the form u,.¢(x), where $(a) is rational and 
integral, and wu, is a function such that we know the value 
of Au, for all integral values of n. In this case we have 
(comp. Ex. 3, p. 20) 


Diag (w) = (EE" — 1)*u,¢ (a) = (AH’ + AY*u,9(2) 


(Z" and A’ being supposed to operate on ¢ and H and A on 
u, alone) 


1 A’ A” 
“ar! " 3P +E fu) 
=A" u,b (2 —1) — Au, . Ad (a — 2) 
+A*u,. Ad (x —3)— ... (11), 
dropping the accents as no longer necessary. 
Ex. 8, A good example of the use of the above formula is 


got by taking u,=sin (aw+b), From (17), page 8, we get 
easily 


sin {our + 9" +7)} 
2 


(2 sin 5) 


Let us take then the series whose n™ term is 


A™ sin (ax + b) = 


(n — 7) sin (an +8); 
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the sum of n terms will be 


(n — 7) sin (an + b) +3 (n—7) sin (an + d) 


sin (an +5 -°= 7) 
= (n— 7) sin (an + b) + (n—8). 


. @ 
2 sin 5 


_ sin fan+b— (a+m)} C. 
(2sin 5) 
2 


6th. Miscellaneous Forms. When a function proposed for 
integration cannot be referred to any of the preceding forms, 
it will be proper to divine if possible the form of its integral 
from general knowledge of the effect of the operation A, and 
to determine the constants by comparing the difference of the 
conjectured integral with the function proposed. 


Thus since 
Aa’ (a) = a (2), 

where (x) =ad(«#+1)—¢(z), it is evident that if f(a) be 
a are fraction (x) will also be such. Hence if we had 
to integrate a function of the form a*(a), s(x) being a ra- 
tional fraction, it would be proper to try first the hypothesis 
that the integral was of the form a’(x), p(«) being a ra- 
tional fraction the constitution of which would be suggested 
by that of (x). 


Thus also, since Asin “¢(x), A tan“(ax), &c., are of the 
respective forms sin“ y(a), tan r(x), &c., y(#) being an 
algebraic function when (x) is such, and, in the case of 
tan'¢(a%), rational if d(x) be so, it is usually not difficult to 
conjecture what must be the forms, if finite forms exist, of 


Ssin“p(x), Ztanp(z), ..., 
r(x) being still supposed algebraic. 


The above observations may be generalized. The opera- 
tion denoted by A does not change or annul the functional 
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characteristics of the subject to which it is applied. It does 
not convert transcendental into algebraic functions, or one 
species of transcendental functions into another. And thus, 
in the inverse procedure of integration, the limits of conjec- 
ture are narrowed. In the above respect the operation A 1s 
unlike that of differentiation, which involves essentially a 
procedure to the limit, and in the limit new forms arise. 


Instances of the above will be given in the Examples at 
the end of the chapter, but we subjain the following by way 
of illustration. 


Ex. 9. To sum, when possible, the series 
Vig D.a® Bia 


o3t ag 34 are ey kb + ... tom terms. 


2 a" 


The n term, represented by u,, being C iF CEs 
we have 
nia” na" 
Fe he 
(n+ 1) (n +2) (n+ 1) (n+2) 
Now remembering that the summation has reference to n, 
assume 


> 


ee Se 
(n+1)(n+2) n+l 


Then, taking the difference, we have 


xn? _ nf a(nt1)+b antb 
(n+1) (n+2) — n+2 SAI 
_ pale] )n?+(2a+6) (w—1) n+(a+6) 226 
7 (n+1) (n +2) 


That these expressions may agree we must have 
a(e—1)=1, (2a+6)(#-—1)=0, (a+6)x—2b=0. 
Whence we find 


za=4, a 
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The proposed series is therefore integrable if « =4*, and 
we have 


aint _ 1 n—2 
(n+1)(n+2)_ 3°n+1° 


Substituting, determining the constant, and reducing, there 
results 


4 24 Gj, fact ee _* n-1,2 
2.38 ° 3.4 °°" (n+1)(n+2) 3 ‘n4+2° 3° 


4° 4 C. 


3. % is of course, like A, #, and D, an operation capable 
of repetition and therefore obeying the index-law ; 2u, being 
defined as & (2u,). Our symbolical methods will render it an 
easy matter to obtain expressions for %” (or A™) analogous 
to those already obtained for 2, but we shall have to add, as 
in Integral Calculus, a function of the form 


C,+Cat+...4+C a" 


(where C,, C,, ... are arbitrary or undetermined constants) in- 
stead of the single arbitrary constant which we added in the 
previous instance. We shall merely give the formula for 2” 
analogous to (10) and leave the others as an exercise for the 
ingenuity of the student. It is 


Ba°§ (0) = Ga [O(@) nS Ab) 


i Go VP ng 
ae ae (24) a°6@)-...| 
+O,+ Cae+...4+0,_2"" (12). 


* The explanation of this peculiarity is very easy : 


nix® sf 


-=yat a™ 
and the summation of the above series would require a finite expression for 
= =o if x had not such a value that the term rad which occurs in the 


(r +1)" term exactly cancelled the term —s that occurs in the rt term, 


i.e. unless <= 4. 
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It will be found that the 1", 3", and 5™ forms can have 
their n Finite Integrals expressed in finite terms, but that 
the 2" and 4" only permit of this if n be not too great. 


Conditions of extension of direct to inverse forms. Nature 
of the arbitrary constants. 


4. From the symbolical expression of 2% in the forms 
(e?—17'), and more generally of &" in the form (e?—1)™, 
flow certain theorems which may be regarded as extensions 
of some of the results of Chap. 11. To comprehend the true 
nature of these extensions the peculiar interrogative character 


of the expression («“—1)“w, must be borne in mind. Any 
legitimate transformation of this expression by the develop- 
ment of the symbolical factor must be considered, in so far 
as it consists of direct forms, to be an answer to the question 
which that expression proposes; in so far as it consists of 
inverse forms to be a replacing of that question by others. 
But the answers will not be of necessity sufticiently general, 
and the substituted questions if answered in a perfectly un- 
restricted manner may lead to results which are too general. 
In the one case we must introduce arbitrary constants, in the 
other case we must determine the connecting relations among 
arbitrary constants ; in both cases falling back upon cur prior 
knowledge of what the character of the true solution must be. 
Two examples will suffice for illustration. 


Ex. 1. Let us endeavour to deduce symbolically the ex- 
pression for Zu,, given in (3), Art. 1. 
Now Lu, = (#—-1)"u, 
= ("+ £7? + &e.) u, 
= Ue gt Uang tle cee beer 
Now this is only a particular form of Zu, corresponding 
to a=—o in (3). To deduce the general form we must 
add an arbitrary constant, and if to that constant we assign 


the value 
— (Ue tH Ugageee Hoe); 


we obtain the result in question. 
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Ex. 2. Let it be required to develope 2w,v, in a series 
proceeding according to 2v,, %7v,, ...- 


We have by (11), page 74, 
LU Ve = Ug, WV, — Att, &'V, + A*u,_, D0, — 6s. 


In applying this theorem, we are not permitted to introduce 
unconnected arbitrary constants into its successive terms. If 
we perform on both sides the operation A, we shall find that 
the equation will be identically satisfied provided AX"u, in 
any term is equal to %""u, in the preceding term, and this 
imposes the condition that the constants in &""'u, be retained 
without change in 2"u,. And as, if this be done, the equa- 
tion will-be satisfied, it follows that however many those 
constants may be, they will effectively be reduced to one. 
Hence then we may infer that if we express the theorem in 
the form 


2,0, = C+ u,_, dv, — Au,_, &7v, + A*u,_, Sv, (1), 


we shall be permitted to neglect the constants of integration, 
provided that we always deduce %"v, by direct integration 
from the value of %""v, in the preceding term. 


If wu, be rational and integral, the series will be finite, and 
the constant C' will be the one which is due to the last inte- 
gration effected. 


We have seen that C is a constant as far as A is con- 
cerned, i.e. that AC=0. It is therefore a periodical con- 
stant going through all its values during the time that a 
takes to increase by unity. ‘The necessity of a periodical 
constant C to complete the value of Xu, may also be esta- 
blished, and its analytical expression determined, by trans- 
forming the problem of summation into that of the solution 
of a differential equation. 


Let Su,=y, then y is solely conditioned by the equation 
a 


Ay=u,, or, putting e#*—1 for A, by the linear differential 
equation 


(c*—1) y=4,. 
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Now, by the theory of linear differential equations, the 
complete value of y will be obtained by adding to any par- 
ticular value v, the complete value of what y would be, were 
u, equal to 0. Hence 


Lu, =v, + Crem + Cie™™ +... (2), 
C,, C,, +.» being arbitrary constants, and m,, m,, ... the 
different roots of the equation 
e"—1=0, 


Now all these roots are included in the form 
m= +t Qin V—1, 


a being 0 or a positive integer. When 2z=0 we have m= 0, 
and the corresponding term in (2) reduces to a constant. But 
when 2 is a positive integer, we have in the second member 
of (2) a pair of terms of the form 


CetinV-1 4. Ole tir /- 1 
which, on making C+ C’=A,, (C—C’) /-1=B,, is re- 


ducible to A,cos 2:7 + B,sin 217. Hence, giving to 7 all 
possible integral values, 


yu, =v, + C+ A, cos 2a + A, cos 4x + A, cos 67x + ... 
+ B, sin 272 + B, sin 47z + B, sin 672 + ... (3). 


The portion of the right-hand member of this equation 
which follows v, is the general analytical expression of a 
periodical constant as above defined, viz. as ever resuming 
the same value for values of #, whether integral or fractional, 
which differ by unity. It must be observed that when we 
have to do, as indeed usually happens, with only a particular 
set of values of « progressing by unity, and not with all 
possible sets, the periodical constant merges into an ordinary, 
1.e. into an absolute constant. Thus, if # be exclusively 
integral, (3) becomes 


Yu,=v,+C+A,+A,+A,+... 
=v.+C, 


c being an absolute constant. 
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It is usual to express periodical constants of equations of 
differences in the form @ (cos 27a, sin 272). But this nota- 
tion is not only inaccurate, but very likely to mislead. It 
seems better either to employ C, leaving the interpretation 
to the general knowledge of the student, or to adopt the 
correct form 


C+,(A,cos 2x + B, sin Qi) (4), 
We shall usually do the former. 


5. The student will doubtless already have perceived how much the branch 
of mathematics that forms the subject of our present consideration suffers 
from its not possessing a clear and independent set of technical terms. It 1s 
true that by its borrowing terms from the Infinitesimal Calculus to supply 
this want, we-are continually reminded of the strong analogies that exist 
between the two, but in scientific language accuracy is of more value than 
suggestiveness, and the closeness of the affinity of the analogous processes 
is by no means such that it is profitable to denote them by the same terms. 
The shortcomings of the nomenclature of the subject will be felt at once if 
one thinks of the phrases which deseribe the operations analogous to the 
three chief operations in the Infinitesimal Calculus, i.e. Differentiation, 
Integration, and Integration between limits. There is no reason why the 
present state of confusion should be permanent, so that we shall in future 
(in the notes at least) denote these by the unambiguous phrases, performing A, 
taking the Difference-Integral (or performing 2%), and summing, and shall 
name the two divisions of the calculus, the Difference- and the Sum-Caleulus 
respectively, and consider them as together forming the Finite Calculus. 
The preceding chapters have been occupied with the Difference-Calculus 
exclusively—the present is the first in which we have approached problems 
analogous to those of the Integral Calculus; for it must be borne in mind 
that such problems as those on Quadratures are merely instances of use 
being made of the results of the Difference-Calculus, and have nothing to do 
with the Sum-Calculus, except perhaps in the case of the formula on page 5.). 
Enough has been said about the analogy of the various parts of our earlier 
chapters with corresponding portions of the Differential Calculus, and we 
shall here speak only of the exact nature and relations of the Sum-Calculus, 


If the nt" term of a series be known, and its sum be required, it is tanta- 
mount to seeking the difference-integral, and our power of finding the 
differenee-integral is coextensive with our power of finding the sum of any 
number of terms. Hence the summation of all series, whose sum to n terms 
can be obtained, is the work of the Sum-Calculus. It is true that there are 
many series, that can be summed by an artifice, of which we have taken no 
notice, but that is not because they do not belong to our subject, but because 
they are too isolated to be important. But it must be remembered that the 
difference-integral is only obtainable when we can find the sum of any 
number of consecutive ternis we may wish. 


But there are many cases in which we seek the sum of n terms of a 
series which is such that each term of the series inrolves n, e.g. we miglit 
desire the sum of the series 1. n+2.(n—1)+3. (n-2)+... to nm terms. 
Now in a certain sense this is not a case of summation; we do not seek the 


89 FINITE INTEGRATION, &C. [CH. IV. 


sum of any number of terms, but of a particular number of terms depending 
on the first term of the series itself. And, as might be expected, this opera- 
tion has not the close connexion that we previously found with that of 
finding the difference-integral of any term; for though the knowledge of the 
latter would enable us to sum the series, yet the knowledge of the sum of the 
series will not enable us to find the difference-integral of any term. Thesc 
must be called definite difference-integrals, and hold exactly the same posi- 
tion that Definite Integrals occupy in the Infinitesimal Calculus. No one 
would think of excluding from tho domain of Integral Calculus the treatment 


of such functions as the definite integral J “2! (a—x)™dzx, because the know- 
ledge of its value does not give us any cluc to that of the indefinite integral 
fa (a—2)™dx, and is obtained indirectly without its being made to depend 
on our first arriving at the knowledge of the latter. 


By similar considerations we shall arrive at a right view of the relation 
of infinite series to the Sum-Calculus. It is often supposed that it has 
nothing to do with such series—that the summation of finite series is its 
business, and that this is wholly distinct from the summation of infinite 
series. This is by no means correct. The true statement is that such scrics 
are definite difference-integrals, whose upper limit is o, and so far they as 


much belong to our subject as f ve ~ x? dx does to the Infinitesimal Calculus. 
0 


How is it then that the whole subject of scries is not referred to this 
Calculus, but is separated into innumerable portions, and treated of in all 
imaginable connexions? Itis that in the expression of such series as those 
we are speaking of, reference being only made to finite quantities, there is 
nothing to distinguish them from ordinary algebraical expressions, except that 
the symmetry is so vreat that only a few terms need be written down. Hence 
when it is summed by an artifice, and not by direct use of the laws of the 
Sum-Caleulus, there is nothing to distinguish the process from an ordinary 
algebraical transformation or demonstration of the identity of two different 
expressions. Now in Definite Integrals that are similarly evaluated by an 
artifice, there is perhaps just as little claim for the evaluation to be classed 
as a process belonging to the Infinitesimal Calculus, but the expression of the 
subject of that process involving the notation and fundamental ideas of the 
Calculus, it is naturally classed along with processes that really belong to 
the Calculus. Thus the Infinitesimal Calenlus has a wide field to which no 
recognized branch of the Finite Calculus corresponds, not because it docs 
not exist, but because it is not reserved for treatment here. No doubt this 
has its disadvantages. Series would be more systematically treated, and the 
processes of summation more fully generalized, if they were dealt with collec- 
tively; yet on the other hand it is a great advantage in the Finite Calculus 
to have to do only with such processes as really depend on its laws, and not 
with processes that are really foreign to it, and are only connected therewith 
by the fact that their subject-matter in these particular instances is expressed 
in the form of a series, i.e. in the notation of the Calculus. 

It is not usual to speak of such identities as Definite Difference-Integrals, 
but a certain class of them are considered in this light in a paper by Libri 
(Crelle, x11. 240), 

Before leaving the subject of Definite Difference-Integrals we must men- 
tion a paper by Leslie Ellis (Liouville, 1x. 422), in which he demonstrates a 
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theorem analogous to the well-known one on the value of 


Sff[f-Se+y+ ...) dx dy dz .,., 


where #+y+2+...8 1, The method is a very beautiful one, but we must 
not be supposed to endorse it as rigorous, since one part involves the 


co 
evaluation of > x") cos ax. 
0 


The fundamental operations of the Finite Calculus are taken as A with its 
correlative Z. In this view of the subject the sign of each term is supposed 
to be +, not that its algebraical value is supposed to be positive, but that its 
sign must be accounted for by its form. Thus if we take the series 
tty — Uy +Ug—-.., we must call the general term (-1)*u,. To avoid this com- 
plication in the treatment of series whose terms are alternately positive 
and negative, some have wished to have a second Calculus whose fundamental 
operation is ¢=1+F, the correlative of which, ¢~!, would of course denote 
the operation of summing such a series. A series of papers by Oettinger, the 
inventor of it, will be found in Crelle, Vols. x1.—xv1. In these he developes 
the new Calculus in a manner strictly analogous to that in which he subse- 
quently treats the Difference-Calculus, connects them similarly with the 
Infinitesimal Calculus, demonstrates analogous formuls, and applies them at 
first to simple cases and then to more complex ones, especially to those 
series whosc terms are products of the more simple functions and those most 
suitable to such treatment. The work is unsymbolical, and therefore clumsy 
and tedious compared with more recent work, and we should not have 
referred to the papers here (for we consider it highly unadvisable to invent a 
new Calculus for a comparatively unimportant class of questions that can 
very easily be dealt with by our present methods) were it not that his results 
are very copious and detailed. The student who desires practice in the 
symbolical methods cannot do better than take one of these papers and 
employ himself in demonstrating by such methods the results there given. 
Should he desire however a statement of the nature and advantages of this 
more elaborate treatment of series, he will find it in a review by Oettinger. 
(Grunert, Archiv. x111. 36.) 


This is not the only attempt to introduce a new Finite-Calculus. A 
certain class of series is treated in a paper by Werner (Grunert, Archiv. 
xx11, 264), by means of a calculus whose fundamental operation, A= E —v,, is 
almost the most general form of linear fundamental operation that can be 


imagined. 


EXERCISES. 


1. Sum to 7 terms the following series: 


1.8.5.74+38.5.7.9+4+... 
1 1 


1.9.5.71305.7.97°" 
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1.38.5.104+3.5.7.12+5.7.9.144... 


0 , 2 , uw 
T7355) 9.557 O0%.9 °° 


1.8.5.cos8+3.5.7. cos 206+5.7.9.cos30+4... 
1 + 2a cos 0 + 3a’ cos 26 + 4a° cos 30 +... 


2. The successive orders of figurate numbers are defined 
by this ;—that the 2 term of any order is equal to the 
sum of the first 2 terms of the order next preceding, while 
the terms of the first order are each equal to unity. Shew 
that the «™ term of the n™ order is 

w(a@+1) ... (@+n—2) 


jn —1 ° 


3. If = u, denote the sum of the first n terms of the 
series uy, Uu,, u,, &c. shew that 


' s2-5+G-s 


XU. = 5 “9° got .} (Un — Uy), 
and apply this to find the sum of the series 
1.3.54+5.7.94+9.11.13+.... 


4, Expand %¢(x)cosmzx in a series of differences of 
d (x). 


5. Find in what cases, when w, is one of the five forms 
given as integrable in the present Chapter, we can find the 
sum of n terms of the series 


Uy — Uy Us Ug Ht vee y 
and construct the suitable formule in each case. 
G. Sum the following series to n terms: 
1 1 1 
sind sin20* sin 497°" 


1 
cos 8 .cos 26 * cos 26. cus 30 aise 
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7. Shew that cot (p+qn+rn’) is integrable in finite 

terms whenever 
gq’ —r’ = 4.(pr —1). 

Obtain 
a | 2" (n = 1) 
aan 1+n(n—1)2”*’ n(n+1) ° 

8. It is always possible to assign such values to s, real or 
imaginary, that the function 


(a+ But+ya' +... +2") 8° 
Ube 


and a and > 


+1 eee Usym-1 


shall be integrable in finite terms; a, 8,...v being any con- 
stants and u, = ax-+t b. 
(Herschel’s Examples of Finite Differences, p. 47.) 


9. Shew that 
_ Uy Au, 
u, + u,cos 26+ u, cos 40+... = 9 ~ Band 
2 


A*u, 
+ 8 sin®@ 


.sin 6 + Ty 008 20 ~a5 44 sin 30— .... 
a? 
a*—1’ 
u,+rAAu, + MVA*u, + ... $NMA"U, 
=a” {(a*— 1) Sau, + a7 A*y,}. 
Find the sum of n terms of the series whose n™ terms are 
(a+n—1)"2"" and (at+tn—1)™2"". 


10. If Au, =wu,,,—u, and \= shew that 


11. Prove the theorem 


>"u,0, = u,2"v, — nAu,2""v,,, + i = Ns iia 


12. If d(@)=1,+4,2+ 4,27 + ..., shew that 
U,V, + U,v,e + uv,2 + &e. = u(x) + ap (x). Au, 


at” ” 
+79 (2). A®u, + odes 
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and if d(x) =u, +4,¢+0,2" + ..., then 
UV, + U,V,c+Uv 2" + ... = u(x) + xAd(z), Ar, 
a) 
2 179 4'¢@) ° A*®u,+ see. 
(Guderman, Crelle, vit. 306.) 


13. Sum to infinity the series 


- ar 2 op 2(%@—-1) , 6, 2(2@—1) (2-2) 
Nag gel S ae) ous 


14. If d(#) =v, +0,2+42'+ ..., shew that 
a,UL + a ll FO, ,on Upon Uren Fo. 
1 n—-r n f 
=- {> [a" "p (ax)] w+ [a f’(ax)JAu,.e+ ...}, 
where g is an n™ root of unity. 


15. If1*+2"+...+m"*=S_ and m(m + 1) =p, shew that 
S_=p*f(p) or (2m + 1) pf (p), according as n is odd or even. 
(Nouvelles Annales, x. 199.) 
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CHAPTER V. 


THE APPROXIMATE SUMMATION OF SERIES. 


1. Iv has been seen that the finite summation of series 
depends upon our ability to express in finite algebraical terms 
the result of the operation > performed upon the general term 
of the series.) When such finite expression is beyond our 
powers, theorems of approximation must be employed. And 
the constitution of the symbol % as expressed by the equation 


> =(e? —1)7... (1) 


renders the deduction and the application of such theorems 
casy. 


Speaking generally these theorems are dependent upon the 
development of the symbol % in ascending powers of D. 


But another method, also of great use, is one in which we 
expand in terms of the successive differences of some im- 
portant factor of the general term, i.e. in ascending powers of 
A, where A is considered as operating on one factor alone of 
the general term, and is no longer the inverse of the 5 we are 
trying to perform*. 


* Let us compare these methods of procedure with those adopted in the 
Integral Calculus. If f ¢@ (x) dz cannot be obtained in finite terms it is usual 


either 


(1) To expand ¢ (x) in a series proceeding by powers of x and to integrate 
each term separately ; 


(2) To develope / ¢(x) dz by Bernoulli’s Theorem (i.e. by repeated inte- 


gration by parts) in a series proceeding by successive differential coefficients 
of some factor of the general term; or 
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As our results are no longer exact it becomes a matter of 
the greatest importance to determine how far they differ from 
the exact results, or, in other words, the degree of approxima- 
tion attained. But this is usually a dithcult task, and in 
order to lessen the difficulty of the subject to the student, we 
shall separate such investigations from those which first give 
us the expansions, The order in which we shall treat the 
subject will therefore be as follows: 


I. We shall obtain symbolical expansions for =, 3%, .... 


(Chapters v. and V1.) 


II. Weshall examine the general question of Convergency 
and Divergency of Series, to ascertain if we may assume the 
arithmetical equivalence of the results of performing on w, 
the operations that we have just found to be symbolically 


equivalent. (Ch. VI.) 


III. Finding that many of our results do not stand the test 
we shall proceed to find the exact theorems corresponding to 
them, 1.¢. to find expressions for the remainder after n terms, 
and thus we shall reestablish the approximateness of these 


results. (Ch, VII.) 


(3) To develope / ¢ (x) dz in series proceeding by successive differences 


of gx by aid of Laplace’s formula for Mechanical Quadrature [(27) page 54], 
which may be written thus: 


Jo (2) do=C+Z29 (2) F5AG(2)+ 5 AMB(2)—. 2), 


We should therefore expect to find in the Sum-Calculus the corresponding 
methods, viz. : 

(1) To expand u, in a series proceeding by factorials, and to sum each 
term separately ; 

(2) To develope Zu, in a series proceeding by successive differences of 
some factor of the general term ; 

(3) To develope Zu, in a series proceeding by successive differential co- 
efficients of u,. 

Of these (3) and (2) are those mentioned in the text; (1) is not of much 
use since the cases in which it can be applied are very few, and no theorems 
of great generality have been found to enable us to obtain the expansion 
necessary, Besides the resulting series will usually be highly divergent 
unless the factorials are inverse ones, i.e. have negative indices, so that the 
results will not be suitable for giving the approximate values we seek. We 
shall, however, give some account later on of the results that have been 
obiained by this method, 
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We shall now commence the first of these divisions. 


2. Prov. I. To develope Yu, in a series proceeding by 
the differential coefficients of u,. 


a a 
Since Su,=(e%—1)*u,, we must expand (e*—1)* in 


ascending powers of qn? and the form of the expansion will 


be determined by that of the function (e’— 1). For sim- 
plicity we will first deduce a few terms of the expansion and 
examine somewhat its general form, leaving fuller investiga- 
tions to the next Chapter. 


The function (e —1)~* is not at once suitable for expansion 
by Maclaurin’s Theorem, since it contains a negative power 


of t; we shall therefore expand 3" i either by Maclaurin’s 
Theorem or by actual division and divide the result by ¢, 
t t 
e—l aie ae are 
(.2°1g.3a7 
t ¢ t* : 
=1-5+79-7 tT es (3). 
The term -5 may be shewn to be the only term in the 


expansion involving an odd power of & For 


t t it é +1 


— 


1°33 ¢-1? 


which does not change when ¢ is changed into —#, and 
therefore can contain, on expansion, even powers of ¢ alone. 


From these results we may conclude that the development 
of (e°— 1)” will assume the form 


A 
(6 —I)*= as A,+At+Ae+ Aye’ t ... (4). 
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It is however customary to express this development in the 
somewhat more arbitrary form 


1 1 2B B B 
¢ ae 1 —_ ~~ ao - - _ 1d = __ 3 3 5 5 5 . 
The quantities B,, B,, .. are called Bernoulli’s numbers, 


and will form the subject of the major part of the next 
Chapter. 


Hence we find 


3 
Su,= O+ [ude 5 ue +g tek ae (6). 


Or, actually calculating a few of the coefficients, 
ldu, 1 du, 
de 720 dx’* 

Pa te 
30240 da? 


Su, =O + fusda —5u,+ 


+ (j* 


The following table contains the values of the first ten of 
Bernoulli’s numbers, 


1 1 ] 1 
B= 6) B=39) B= ge B=aq B= GB 
* Attention has been directed (Differential Equations, p. 376) to the in- 
terrogative character of inverse forms such as 
@ 
(e% —1)—u,. 
The object of a theorem of transformation like the above is, strictly speak- 
ing, to determine a function of 2 such that if we perform upon it the cor- 
d 


responding direct operation (in the above case this is e# —1) the result will 
be u,. To the inquiry what that function is, a legitimate transformation 
will necessarily give a correct but not necessarily the most general answer. 
Thus C in the second member of (6) is, from the mode of its introduction, 
the constant of ordinary integration ; but for the most general expression 
of Zu, C ought to be a periodical quantity, subject only to the condition 
of resuming the same value for values of x differing by unity. In the 
applications to which we shall proceed the values of x involved will be 
integral, so that it will suffice to regard C as a simple constant. Still it 
is important that the true relation of the two members of the equation (6) 
should be understood. 
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691 7 3617 
B= 3739? Bu=G> Bu= Zi » 
43867 12222977 
Bu = “79g? Pe =~ 9370 eo): 


It will be noted that they are ultimately divergent. It 
will seldom however be necessary to carry the serics for Su, 
further than is done in (7), and it will be shewn that the 
employment of its convergent portion is sufficient. 


Applications. 


3. The general expression for Su, in (7), Art. 2, gives us 
at once the integral of any rational and entire function of «. 


Ex. 1. Thus making wu, = a*, we have 


. 7, 1 4, Lae) 1 A(z’) 
2a = C+ fatda— 50 +19 de ~ 720 dat 


More generally, making u, = 2" we get 


— ot 1 MB, gy «6 (n—1) (n—2)B, ,, 
La =C+ 77-52 Pye ais aa x 


which at once enables us to connect Bernoulli’s numbers 
with the coefficients of the powers of x in the expression for 


But the theorem is of chief importance when finite sum- 
mation is impossible. 


Ex, 2, Thus making w, = : , we have 
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1 I 1 £$1/-2 1 2.3.4 
= O~ 5 ~ 9 33 (GF) ~ 20 (“3 )- 


1 1 1 1 
mE ol Gast gon oes 


The value of C must be determined by the particular con- 
ditions of the problem. Thus suppose it required to determine 
an approximate value of the series 


fo Ls 1 
jet gat gate @—1) : 
Now by what precedes, 


ene aie es Ghee Pons Se Di 
Poe se (@—-1yP es 62 ' 302 

2 
Let x= 0 , then the first member is equal to 6 by a known 


theorem, while the second member reduces to C. Hence 


ee Se  E 
eT et Tp Ge Bat Ge * BO 


and if a be large a few terms of the series in the second 
member will suffice. 


4. When the sum of the series ad inf. is unknown, or is 
known to be infinite, wo may approximately determine C by 
giving to 2 some value which will enable us to compare the 
expression for 2,u,, in which the constant is involved, with the 
actual value of uw, obtained from the given series by addition 
of its terms. 

1 1 


Ex. 3. Let the given series be 1 + 5+ qc + — 


Representing this series by u,, we have 


U, = Agee 
of Y 
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1 1 1 1 
= pt OF M8 ®— 95 — ioat + 90a" 
1 1 1 
SOG e oe lo 1g0e 


To determine C, assume z= 10, then 


11 1 1 1 1 
Lt 5 ta-- +79 = Ot log.10+55 — T9900 + Ta00000 7" 


Hence, writing for log, 10 its value 2°302585, we have 
approximately C= 577215. Therefore 


4 1 1 1 
U,= 577215 + loge + 5 — isnt oom er 
Ex. 4. Required an approximate value for 1.2.3... a. 
Ifu,=1.2.3...a, we have 
log u, = log 1 + log 2+ log3 ...+ log x 
=log a+ log a. 


But Eloga=C+ [log ade — 5 log 


1 B, B, B, 
=0+( - 5) log x UP Ton. Soda 6 6e , 


1 1 
- log up = C+ (w+ 5) loge—a+i5-— .. (9). 


To determine C, suppose a very large and tending to 
become infinite, then 


log (1.2.3 a) =C+ (e+ 5) loga—s, 
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whence 
1.2.8...¢@=6°" x a (10), 


L232, 226" (2a) (11). 
But multiplying (10) by 2’, 

D ACO. 2p De Kae (12). 
Therefore, dividing (11) by (12), 

3.5.7... (20-1) = 274 672”, 


whence of 2.4.6... 2a _ ear! 
oko wt eee (27 — 1) : ot 


But by Wallis’s theorem, «x being infinite, 


2.4.6... (2 —2) (2x) _ s, 


(3.5.7...(20—-1) 2 


whence by division 


=; 
*, C= log (27). 


And now, substituting this value in (9) and determining 
u_, we find 


sy tbls 1 1 
u,= 4 (2rr) x atx e tien” 360a8+ ae 


= s/(Qrax) ae ‘ie aie (13). 


+... 


141 
If we develope the factor eiz# 3602" *** in descending powers 


of a, we find 


ro 1 1 139 

1.2. Dees — QT e a Mad —— oa ee ee ee 

eNom) ee (1 + jon + O88a*~ 5184005 + sy 
(14). 
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Hence for very large values of # we may assume 


1.2.3...0 = /(Qrx) (=) (15), 


the ratio of the two members tending to unity as x tends to 
infinity. And speaking generally it is with the ratios, not 
the actual values of functions of large numbers, that we are 
concerned, 


Ex. 5. To find an approximate value of I’ (#+1) when 
x is large. 


It will be scen that this reduces to the preceding example 
when z is integral; it has been chosen to illustrate our mode 
of determining C. 


Exactly as in the preceding case we obtain 


—_ 1 oO B, B, B, 
logue=C+(2+ g) ogee 4 as a tats dar 


(16), 
but we can draw no conclusion as to the value of C from 
the value it bore in (9), nor would any number of spccial 
determinations of its value enable us to draw any conclusions 


as to its general value. But 1t can be proved (Todhunter’s 
Int. Cal. 3rd Ed. p. 254) that 


d@log Ia _ 1 1 1 


da®  @* (e@+i)* (+2) 


ad. anf. 


= ( when z is infinite. 
But from (16) we obtain, when z is infinite, 


@logl (e+1)_@&0 


dx" ~ da?? 


which is therefore zero when 
x is infinite. 
Now C is a periodic quantity going through its course of 
2 


values as x increascs by unity—hence iat is equally pe- 
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riodic, 
 &C 


gt =O 


for finite as well as infinite values of a; 
* C=Anc+B. 
But C remains unchanged when z is increased by unity ; 


therefore A = 0, and Cis therefore an absolute constant, and 
therefore has the value found for it in Ex. 4 when z was an 


integer, ie. C = log V2r-. 


Ex. 6. To sum the series 


1 1.1 1 
t+amtin--t—m- 
x 


1 te gen Ren 4 ls 


Representing the series by u, we have 


] 1 
er py zz 
1 1 2n 
= Olan — 1 art Bam 120t 
2n (2n +1) (Qn+2) | 
T2073 


For each particular value of the constant C might be 
determined approximately as in Ex. 3, but its general ex- 
pression will be found in Art. 3, Ch. VI. 


5. Prop. Il. To develope & x"u, Un a series proceeding by 
the differential coefficients of u,. 


Since >= (e”? ~ 1)"; ea >" = Ca = 8g! 


and the problem reduces to that of expanding (e*—1)™ in 
ascending powcrs of ¢; or, in other words, to apes 


(ig z Paty in positive integral powers of t. 
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_ ] 
Let v= (@—1)”” 


_ du, — née —n(é&—1)—n 


di @-1 = ey 


= — NU, Maas 


en (9) 
MW yy = — (Get 1) vy. 


Multiply both sides by |n —1 and let w,=jn—1,, and the 
equation becomes 


d a d 
Va, = — (3 +n) w= (Git n) (5, +2-3) 
= &e. 


Ultimately we obtain (writing n ~1 for 7) 


jn — 1 {ef —1}" =(—-1)"" (G+2-1) (G,+7-2) i 


” (5 a 1) (¢—-177 (17). 


By means of this formula we can obtain developed expres- 
sions for 57, %°, .... with great readiness in terms of the co- 
efficients in the expansion of %, i.e. in terms of Bernoulli's 
numbers, 


Ex. To devclope 2° in terms of D. 


From (17), 


[2 {e'— 1% = (5+ 2) (5 + 1) {ef —1}" 


= (Gt 3 5+ 2) fp 5+ Att Att -} suppose, 


B 


or+1 


where A, =0 for all values of x and A,,,= (- 1)’ ar +3 
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= 5 - ats + (24,+34,—~1) 


+E [(r +2) (r +1) A+ 8(rt) A, +24] 0. 
r=l 


Hence 


3 3 19 du 
*u, = da — = + ee re 
2 u, [ff x 5 | [vada u, aE gts t 57g ig 


6. Prop. III. Yo develope %"u, in a series, proceeding by 
successive differential coefficients of u,_». 
2 


1 «i? 1 
— = a | _—— r=) See ees ee 
2 6? —] - e? —] Ls et’ — ei? 


. D> = E** cosec (5 Dy=1) x é Dy=1) 


-, D*S* = EF cosec” (5 D v=1) x € D =i) (18). 


Suppose 
x” cosec"# =1— Ca*?+Ca*— ..., 
then 


Su, = D* {1 +0,(3) +6, (2) + “i ws (19) 


It must be mentioned that the Summation-formula of 
Art. 2 (which is due to Maclaurint) is quite as applicable 
in the form 

1 B, du, , B, vu, 


[ede = Xu, + ora da * 4 dx res oy (20), 


to the evaluation of integrals by reducing it to a summation, 
as it is, in its original form, to the summation of series 
by reducing it to an integration. It is thus a substitute for 


(27), page 54. 


* This remarkably symmetrical expression for =" is due to Spitzer 


(Grunert, Archiv. xxiv. 97). 
+ Tract on Fluzions,672. Euler gives it also (Trans. St Petersburg, 1769), 
and it is often ascribed to him. 
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7. Prop. IV. To expand Yu, and %"u, in a series pro- 
ceeding by successive differences of some factor of U,. 


It will be seen that the formula of (11) page 74 and Ex. 
11 page 85, accomplish this object. We shall only treat 
here of the very important case when u, = a*f(x) and more 
especially regard the form which the “result. takes when 
a=-—1, Le. when the series is 


$ (0) — $1) + (2) — 
We have in gencral, 
2a" h(a) = (LB —1)'a*h (2) = a” ss — 1)"*d(x) (note, page 73) 
=a +eei} ¢@ 
which may be now expanded. If a@=—1, we obtain 


¥ (- ye) =F fh - 34S... oto, 


This enables us to transform many infinite series into 
others of a more convergent character ; for 


BO) $()+ ad i 
=p bO=5 fl aye, + $(0) (21), 


which is very rapidly convergent if the other is but slowly so. 


r : ; 1 1 1 . 
Ex. ‘Transform the scrics id 73+ 47°" into a 


more convergent form. 


Here (0) = (0+ 12)™, 
*. we have by (21) 
1 1 1 14 1 2 
ig ist =3 12? 1a. 13 7 4.12.13.14 


a 


2.3 me 
+ via, ig. 14,15 * 
which converges rapidly. 
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8. It is very often advisable to find the sum of the first few 
terms of a series by ordinary addition and subtraction, and 
then to apply our formule to the remaining terms, as in this 
way the convergence of the resulting series is usually greater. 


Thus, if we had applied the formula just obtained to the 
scries 


we should have obtained 


1 1 9 2.3 
Tea ww Ga 50 aa Be Bd inh 


2 
a much more slowly converging series. 


This remark is of great importance with reference to all 
the formule of this Chapter. We shall see that the Mac- 
laurin Sum-formula of Art. (2) usually gives rise to series 
that first converge and then diverge, but that by keeping 
only the convergent part we obtain an approximate value 
of the function on thie left-hand side of the identity ; and 
also that the closeness of the approximation depends on 
the smallness of the first of the terms in the rejected portion. 
From this it follows that by applying the formula in the 
manner just indicated we can greatly increase the closeness 
of the approximation. An example will makc it clearer. 


Kx. Let u,= * , then the formula becomes 


1, 1 1 BB 
a Oa a te (22) 


Taking this between limits oo and 1, we obtain 


1 1 1 
I+ytgt... =1+5+ B,— B+ B, eee 


Now, remembering that we must only keep the convergent 
part of the series, we find that we must stop at B,, since 
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after that the numbers begin to increase. This gives us 
1.65714, the true value being 7 or 1.64493. 


6 
Now let us find the sum thus 
1 il ; 1 1 ii sslicehuae 
L+gtgt..adinf=l+gtgtig+ » a 
205 1 1 BB, 
aa tata t Re Bt 


On examination it will be found that we may in this case 
keep the terms at least as far as B,,*, while the convergence 
is so rapid at first that by only retaining as far as B, we obtain 
1.64494. The general advantage of using the formula may 
be gathered from this example. To obtain an equally close 
approximation by actual summation, some hundred thousand 
terms would have to be taken. 


9. We can also expand 2a"(z) in a series proceeding 
by successive differential coefficients of ¢(x). For 


Sa*h (x) = (E—1)%a°$ (x) =a" (aE —1)"p() (23). 
But by Herschel’s Theorem y(e‘) = (FE) 4 
J. (L) = (ce?) = (£’)e? as operating factors, 
where E’ affects 0 only, : 
+, Sa’b(2) = a"(ak’ — 1)" {i +0.D+ “sD... $ (a) 


a {1 ga cee 4 Ar EP) ie (24), 


a—1 de 1.2 dz’ 
Ye) a 
where A, = alo O"= 41+ i 0*. 
a—l a—1 
In the case of a=—1 an expression for A, in terms of 


Bernoulli's numbers can be obtained. 
For = (—1)*$(2) =(— 1)” (—e?—1)"$(@), putting a=—1 
in (23), 
= (— 1)?" (0? + 1)" (2). 
* In reality wo may keep all terms up to -— 28 | a quantity whose first 


531 
significant figure is in the fourteenth decimal place. 
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Now oy" gat #=1 
=H-3+ p27 
-2 {en-3t gg 2D ---} 
=5- ge D+ ped .. (25), 


which determines the coefficients*, 


10. Expansion in inverse factorials. ‘The most general 
method of obtaining such expansions is by expressing the 


given function ¢(a) in the form [- ef (t)dt. If we then 
0 


write 


e*=1—z, wo get d(z)= a (1—2)7*f flog (=) dz. 


f {log ( is) must now be expanded in some way in powers 
of z, and each term must be intcgrated separately by means 
of the formula 


| ‘( — 2)" *2"dz = 


|m 
x(x+1)...(e+m)- 
By performing > on this we can a a in a similar way 


the more complicated form [Ss i) (t) dé. The most in- 


teresting cases are those in which ¢(2) = log or =o, 
(see page 115). 


The method is obviously very limited in its application. 
A paper on it by Schlémilch will be found in Zettschrift fir 


* Compare (7), page 108, Ex. 12, page 85, is closely connected with 
the problem of this article. 
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Math. und Physik, tv. 390, and a review of this in Tortolini 
(Annalt, 1859, 367) has sufficiently copious references to 
enable any one who desires it to follow out the subject. 
Stirling’s formula—the carliest of the kind—is given in 


Ex. 11, page 30. 


The very close connection that Factorials in general have with the Finite 
Calculus renders it worth while to give special attention to them, and to in- 
vestigate in detail the laws of their transformations. For this purpose the 
student may consult a paper by Weierstrass (Crelle, u1. 1). Octtinger has 
also written on the subject (Crelle, xxxu11. and xxxvit1.), and Schlifli (Crelle, 
xuur. and ixvir.). Ohm has an investigation into the conncction between 
them and the Gamma-function (Crelle, xxxvi.), with a continuation on Fac- 
torials in general (Crelle, xxx1x.). 


The papers on the subject of the Euler-Maclaurin Sum-formula are very 
numerous. Characteristic examples have been sclected from them where it 
was possible, and placcd, with references, in the accompanying Exercises. 


By far the most important application of the principle of approximation 
is to the evaluation of I'z, or rather of log Iz and its differential coefficients 
when « is very large. Raabe has two papers on this (Crelle, xxv. 146 and 
xxvi1. 10). See also Bauer (Crelle, tvi1. 256) and Guderman (Crelle, xx1x. 209). 
Reference will be made to these papers when we consider Exact Theorems. 
See also a paper by Jeffery (Quarterly Journal, v1. 82) on the Derivatives of 
the Gamma-function. The constant C of Ex. 3 is of great importance in 
this theory. Yor its value, which has been calculated to a great number of 
decimal places, see Crelle, ux. 375. 


Closely connected with the subject of differential coefficients of log T'z is 


.) « On this see 


that of the summation of harmonic series ( {a+ (n— 1d} 


papers by Knar (Grunert, xu1. and xLit!.). 


EXERCISES. 


1. Find an expression for 


1.1 
aatart get --., to m terms, 


and obtain an approximate value for the sum ad infinitum. 


‘ 1 
2, Find an approximate expression for & a and also the 


value of 


1 1 ‘ 
1 + os t as + auecay ad inf, 


to 10 places of decimals. 
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3. Find an approximate value of 


3.5. = 
9-4. 1 20” 


supposing x large but not infinite. 


4, Find approximately x oat and obtain an exact for- 
mula when a is an integral multiple aes 5° 


5. Transform the series 


1414 
e+l +4 g794+9 ~°°° 


1 1 
@(@+1)(@+2) (@+1)(@+2)(o+3)* 


into series of a more convergent character, and find an 
approximate value of the sum of each when 2 =5, that is, 
correct to 6 places of decimals. 


6. Ifutuae+ue'+ ... = f(x), shew that 
1 

UY, t+ Ue, + 0 =f (1) +f’ (1) Av, +f 2 ate, +... 
and apply this theorem to transform the series 


(-m) (-m) 
amg 2) 4g (+2) ie 


2 
to one proceeding by factorials only. 
7. Shew that 
1 1 1 
2 Grit Gat 
1 1 1.2 
2 Bl a(etl)* Se@tl eta" 
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8. Find the sum to n terms of the series 


1+ at cat, 

; et +1 
and shew that ee alae 
shew that its sum ad inf. So arrres| 


9. Shew by the method given in the note to page 72, 
that 


n n—t 
184 2"4  . fats peat aus B+ «, 


_ ada x 
where B= dat i 


a numerically. 
z=0 
[Schlémilch, Grunert x. 342.] 


10. Shew that the sum of all the negative powers of all 
whole numbers (unity being in both cases excluded) is unity ; 


if odd powers are excluded it is : ‘ 


11. Expand 2 (an b)* in terms of successive differences 


of log (az + b) and deduce 
; A A® ; 
> cot a= C+ { log sin z— 5 log sin & + > log sina— ... , 
[Tortolini, v. 281.] 
12*, IfS,=u,+4u,+4,, +&c., ad inf, shew that 


ante? n—1 n?—1 n—1,, 
S35] 2 ut ng, Att ag A osdlatie 


13. Find 25 in factorials, and determine to 3 places 
of decimals the value of the constant when the first term is 
(33)"" 

If the Maclaurin Sum-formula had been used, to what 
degree of accuracy could we have obtained C'? 


* De Morgan (Diff. Cal. 554), Compare (27), page 54. 


106 EXERCISES. [Ex. 1-4. 


14. Shew that 


1 ] 
a a eoey ad anf, 
C-loge,1 (BY (B,) 
ee ee [2774 [47 — 


and apply this to the summation of Lambert’s* series, viz. 


x x . 1 
tomate when # is ~ nearly. 


l-2'1- 
[Zertschrift, v1. 407.] 
15. Shew that 
F(O+f (1) +... ad be 


gee pr 
where « = /— 1, 
and deduce similar formule for the sums of the series 
Ff (0) -—f 1) +f) — «+, 
F (1) +f (8) +f (5) + «... 


Find an analogous expression for the sum of the last 
mentioned to n terms. 


16. Shew that 
sin az, sin 2x sin | Bar 
a+l a+t+2 at+3 
” glt-x)t_ e- (nat atdt 
| eae 


., ad inf, 


if x lie between a7 and — 7. 
[Schlémilch, Crelle xi. 130.] 


* On the application of the Maclaurin Sum-formula to this important 
series see also Curtze (Annali Math. 1. 285). 


( 107 ) 


CHAPTER VI. 


BERNOULLI'S NUMBERS, AND FACTORIAL COEFFICIENTS. 


1, THE celebrated series of numbers which we are about to 
notice were first discovered by James Bernoulli. They first 
presented themselves as connected with the coefficients of 
powers of x in the expression for the sum of the powers of 
the natural numbers, which we know is 


1° + 2"... ta%=2"4+ D2” 


a +ot+ : nz — if n (n—1) (n—2) a”? 
= Bie (1), 


or rather as the coefficient of « in the successive expressions 
when n was an even integer, and De Moivre pointed out that 
by taking this between limits 1 and 0 we obtain the formula 


n_ tl 1 n (n —1) (n —2) 

1*= saitat BB ma | ) Bote. (2), 
from which the numbers can be easily calculated in succes- 
sion by taking n= 2, 4, ......... 


After the discovery of the Euler-Maclaurin formula 
[(6), page 90] the coefficients were shewn to be those of 


from the application of it to Se“, which gives 


— = xe =| ede _ se +ighes =e (3), 
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which gives 
1 1 1 3, Boas 
@-1 h 2 “2 a ” 


2. Many other important expansions can be obtained by 
consideration of this identity. 


Thus, for 2 write 26,/—1; then, since 
1 1 sori + 1 


e2ev-1 -1} = re 1 


cot 6-5, 


e2ev-1_ ~ 3 
we at once obtain 
B 2 B 448 ad 
cot O= 5 — (goo (5). 
koa 0 
gain cosec 0 = cot 5 — cot 6G, 
“.cosee 6 = 5 +2 (2— De 6 +2 (2° —1) ee (6). 
Similarly from cot @—2 cot 20 = tan @ we obtain 
2 4 = 
Begee a 1) R942 ie D pe 4 (7). 


3. An expression for the values of the es of Bernoulli 


can be obtained from (5). For cot 0=-; S, (log sin @) and 


log sin 6 = log {0 (1 = 5) (1 - 2) 


P 
= log 0+ log (1 ~ 5) + eeey 


_1 _ 20 A * 20 g \* 
1 26 1 
=o alt a tat set 
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26° | ere | 
~ Felt at git .f 
— oe (8). 


Equating the cocfficients of the same powers of @ in (5) 
and (8), we obtain 


2 1 1 B : 
are” (1 + gn + om + eee } i2n y ? 
2:2n 1 1 
_ =| i ‘ 
il 2n—-1 ~ (Qar)™ . + gn zi he + eee (9) ° 


Frum this we see that the values of B.. increase with 


2n—1 


very great rapidity, but those of 1 ultimately approach to 


equality with those of a geometrical serics whose common 


ratio 1s —.. 
dar? 


* A variation of (9), due I believe to Raabe( Diff. und Int. Rechnung, 1. 412), 
depends on the following nvenious transformation ; 


ee 1 1 1 
S=1+ 55,4 gmt gat oi 


1 1 1 


‘. gan ° S=95, + gmt ees 


1 11 
(1- 5) S=14 sept ggit oo 5 


and all the terms of the form Ties are removed. Proceeding as before 


1 1 1 1 
(1-j.) (1B) sated ede. 


Thus we ultimately get 


S= : 


i i T 
(1- si) 1-55) (1-5) a 


where 2, 5, 5,... are the prime numbers taken in order. This formula would 
he of great use if we wished to obtain approximate values of B, correspond- 
ing to large values of n, as it is well adapted for logarithmic computation. 
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4, If m be a positive integer and p be positive 
{ é?'2"da = — { era di= = ue . 
0 Ps o ; 
Hence we can write (9) thus 
Bo = an | ein) fen tne 4 eta...) dx 
0 


=i @ gt ‘ 
= an ee dx (10) . 


5. Euler was the first to call attention to a sct of numbers 
closely analogous to those of Bernoulli. They appear in the 
coefficients of the powers of # when scc # is expanded. Thus 


seca = 1+) eae sie (11). 
The identity sec z= dz 198 tan & = 3) will give, when 


treated as before, 


2n 1 1 
E,, = 2 aie {i — get 1 aut ees | ; (12), 


77 2nt1 
(5) 


while a consideration of the identity 


“cos 26.d@ 1 
| 7, Fe ete (13)f 
0 39 “3 0 
e +é 
will give 
« on 
E.., ae 3 < ee (14), 
= =" 6 
9 ae 2 


formule analogous to (9) and (10), from which (12) may be 
deduced. 


- * Due to Plana (Afém. de UV Acad. de Turin, 1820). 
+ Schlémilch (Grunert, 1. 361). 
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6. Owing to the importance of Bernoulli’s and Euler’s 
numbers a great many ditfcrent formula have been investigated 
to facilitate their calculation. Most of these require them 
to be calculatcd successively from B, and #, onwards, and 
of these the most common for Bernoulli’s numbers is (2). 
Others of a like kind may casily be obtained from the 
various expansions which involve them. Thus from (5), 


multiplying both sides by sin 6, 


cos d=(0— 5+) (5 2g ee =) 


and cquating coefficients of 8” we obtain 


Gass 1)” _ heii ors (— -1)" a Z 
Be Yim Samat pega} 9) 


The simplest formule of this nature both for Bernoulli's 
and Euler’s numbers are obtained at once from the original 
assumptions 


t = t ar eS eee 2n 1 Qn 42n 
g-17t-g-* 1) in * and cos ¢ m+ gR 


by this method. 


7. But direct expressions for the values of the numbers 
may be found. Thus 


(by Herschel’s theorem) 


slog) 
= x 
Hence, equating coefficients, we find 
B log (1 + +A) ee 


— 1)" Sze = 
(—}) en A 


° ntl A At a " 
- By, = (— 1) {1- oa vaede (16), 
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and in like manner we obtain 


A A one 
o= 1-94 5- bo (n > 0) (17). 


8. These formule are capable of almost endless trans- 
formation. Thus, since A*’*0*?= _ — A*0** (Ex. 8, 
page 28), we can write (16) thus 


B..=(-1)™" {(a a ij — 2) ome 


~(a-F45-. ..)o*| 


2 3 
= (-1" (0-5 Ge Om (18), 


since the other term is 
log (1 + A) 0” = DO” = 0. 


9. A more general transformation by aid of the formula 


F(A) 0" = BF (A) Om 


7 pvt a. = — 1 
1+2A 1+aA 


is as follows: 


flog (1-+2A)} 0" = 0? (19). 


Also 
flog (1+ y)} Of (0) =4f (1) — 4. 2F@) + 
= uf (1) — yf (2) +. 


yt 1 
=a O= f- alto 
= el (20), 


if f (0) =0. 
In (19) write Z” for # and operate with each side on f (0) 
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Then 
4 


(log (1+ AE’) 0" F(0) = ay OF 0) 


= — flog (1+ AZ’)} 0°7 0'A' f(0’) 
by (20), since 0°A’ f(0’) =0 
= — {log (1+ AZ’); 0" F'(0)), 
where f'(0') = 0'A’ f(0’). 
Repeating this n — 1 times we get 
(log (1 + Ala")} ON F(0') = (— 1)" {log (1 + AZ’)} OF""(0') 
= EL’ f""(0') = [((w#+1) A (e@+1)A...f(e@+1)] 2-0. 


This transformation has been given because it leads to 
a remarkable expression duc to Bauer (Credle, LV111. 292) for 
Bernoulli’s numbers. 


Denote by A’ the operating factor (2#+1)A, and write 
x for f (x) and 2n+1 for n, and we obtain from (18) 


Bay = (— 1)"" {log (1 + AL’)} ie = ES @a |... (21.) 


Factorial Coefficcents. 


10. A series of numbers of great importance are those 
which form the cocfticients of the powers of « when a” 1s 
expanded in powers of z These usually go by the name 
of factorial coefficients. 


It is evident by Maclaurin’s Theorem that the coefficient 


Kom) 
of x* in the expansion of z™ is == *, Although it is not 


DO , 
* Comparing (22) page 25, and (25) page 26, we see that a is the 


coefficient of A™ in the expansion of {log(1+A)}*. That this is the case is 
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easy to obtain an expanded expression for this, it is very easy 
to calculate its successive values in a manner analogous to 
that used in Ch. 11. Art. 13. 


Let C; = numerical value of the coefficient of #* in the 
expansion of #’, Then since 2" =(¢—n) z™, we obtain 


Co" =O +00 (22), 


and we can thus calculate the values of C"" from those of 
C"; and we know that the values of C’ are 1, 0, 0,... 


11. Let us denote by C,,” the numerical value of the coeffi- 


: de oe ; ; 
cient of — in the expansion of a‘ in negative powers of 2, 
ww 


so that 
” — 
om 2b Onn Gate 
" grt! ot? eee 


-n) _. (—1)"* n-1 1 _ ( 1y"" = So 
Then af” = [a es ie =\igor [4 | 


(where A now refers to p alone) 


teat [er fe- +3} 


on (— 1) Aro i A*™'9? 

7 | 2 — 1 i x see 

- gare 

nr N-K 

ee C.. — (— 1) | n— 1 

also evident from the following consideration : 
DO” DOr 1 


_ a 


d 
= aa ae tting z=lop z 
dz putting z g 
ee 


1 {d™ Ss , f 2" in th 
in aqzalog (1+ z)| a 2" in the 


(23). 


expansion of log (1+z)* by Maclaurin’s theorem. Thus this expansion 
may be written 
etl ,xt1 KTR ete 


jz {log (+2) t= ae Cx ‘ait Cy es 
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A formula analogous to (22) can also be obtained by means 
of Art. 13, Ch. 11. This gives for numerical values 


a1 A\Kr1 n—2 na~1 
6 a aN NE aN PO ge (n—1) Cz" (24), 


and thus from the values of C,,_, those of C, can be obtained. 
The values of C, are of course 1, 0, 0,... 


-12. Analogous series are those of the coefficients when 
x” and x" are expanded in factorials, 


By (5) page 11, we have 
“yn t A*0" (2) 
a" = 0" + AO Bt Hea + 
= (—1)"" 10,; a—O* gl 4 aj (25), 
n+1 ntt 

following the notation of Art. 11. 

Again in (25), page 26, put wv, = * and ¢ (D) = D*", and 
we get after division by (-1)""|[n—1, 


dD" 0 (m1) a lp om 
= -—_—___—_ & mah an a 
[n—1 [z-1 


= Org OF at +. (27), 


1 = 
x ao 1) 4. ang 


in the notation of Art. 10*. 


* It will be seen that, as in the analogous case we could expand 
{log (1 + z)}" in terms of C\, we can expand (e—1)" in terms of 
~(«+1) 

C. e In fact 
—(et1)g8t1 -(e+1) 9 2h +2 
8.1)" — ok a eTOn “EAE 6 
ee tC ye ntit nes (2t1)(n+9) a 


a (re + 1) e e e e 
where we have given C, its numerical value, disregarding its sign. 
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13. There is another class of properties of Bernoulli’s numbers that 
has received some attention; these relate to their connection with the 
Theory of Numbers. Staudt’s theorem will serve to illustrate the nature of 


these properties. It is that 
1 1 
=~} Die) SS oe 
Bon-1 = integer + (- 1) ( at ang i) 


where m is a divisor of » such that 2m+1 isa prime number. Thus, taking 
n=8, we have (since the divisors of 8 are 1, 2, 4, 8 


: 1 1.1 =I z 
B,,= integer + G +3 + 5 + i) = integer + 1,475. 


It will be found on reference to page 91 to be 7,5,,. Staudt’s paper will be 
found in Creile fear 374), but a simpler demonstration of the above property 
has been given by Schlafli (Quarterly Journal, v1. 75). On this subject see 
papers by Kummer (Crelle, xu. xut. tv1.). Staudt’s theorem has also been 


given by Clausen. 


14. To Raabe is due the invention of what he names the Bernoulli- 
Function, i.e. a function F(x) given by 


F(x)=1" +2" + ... +(x-1)" 


when x is an integer, and which is given generally by AF(xz)=a". He has 
also given the name Euler-Function to the analogous one that gives the 
sum of 
1n— 2% 4 3% — &e. + (2e—1)" 

when z is integral. See Brioschi (Tortolini, Series II. 1. 260), in which there 
is a review of Kaabe’s paper (Crelle, xu11. 348) with copious references, and 
ae (Crelle, uv11. 122). See also a note by Cayley (Quarterly Journal, 
11, 198). 


15. The most important papers on the subject of this Chapter are a series 
by Blissard (Quarterly Journal, Vols. rv.—1x.) under various titles. The de- 
monstrations shew very strikingly the great power obtainable by the use of 
symbolical methods, which are here developed and applied to a much greater 
extent than in other papers on the subject. They include a most complete 
investigation into all the classes of numbers of which we have spoken in this 
Chapter; the results are too copious for any attempt to give them here, but 
Ex. 15 and 16 have been borrowed from them. The notation in the original 
differs from that here adopted. 2,, there denotcs what is usually denoted 
by Boy-; See also two papers on A"0™ and its congeners by Horner 
(Quarterly Journal, tv.). 


16. Attempts have been made to connect more closely Bernoulli’s and 
Euler’s Nuinbers, which we know already to have markedly similar properties. 
7 + 5) = see w+ tan 2, the 
expansion of this function in powers of z will have its coefficients depending 
alternately on cach set of numbers }see (7) and (11), of this Chapter{. This 
idea has been taken up by others. Schlomilch (Crelle, xxx11. 360) has written 
@ paper upon it. It enables us to represent both series by one expression, but 
there is no great advantage in doing so, as the expression referred to is very 
complicated. Another method is by finding the coefficient of x” in the ex- 


Scherk (Crelle, rv. 299) points out that, since tan ( 
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pansion of — : = from which both series of numbers can be deduced by 


taking a=+1 (Genocchi, Tortolini, Series I. Vol. 111. 395). 


17. Schlémilch has connected Bernoulli’s numbers and factorial coeffi- 

cients with the coefficients in the expansions of such quantities as D"f (log =), 
% 

p* 

(, (*) 
rendered simpler by the use of symbolical methods. This is usually the case 
in papers on this part of the subject, and the plan mentioned in the last 
Chapter has therefore been adhered to, of giving characteristic examples out 
of the various papers with references, instead of referring to them in the text. 
We must mention, in conclusion, that the numbers of Bernoulli as far as 
Bg, have been calculated by Rothe, and will be found in Crelle (xx. 11). 


, &e. (Grunert, VII. 1x. xvi. xvii1.), Most of his analysis could be 


EXERCISES. 
1. Prove that 
Aoz** A20?"*! A=" Qo"! 
ew os ntl) Se eS Se ee ah 
Banas = ( 1) | 1? 9? + ... + ons i ° 


2. Prove that if n be an odd integér 


n(n—1) (n— 2) 
rg B,+ 


n (n —1) (n — 2) (n—3) (n — 4) RB 


[5 


bo] = 
l 
es) 


—...,ton—1 terms. 


3. Obtain the formula of page 107, for determining suc- 
cessively Bernoulli's numbers, by differentiating the identity 


t= — 4 +e! where ua — 
e—1 

4, Shew that 
1 A. A? a" 
B.=(5-3+G-- 1". 


[Catalan, Tortolint 1859, 239. ] 
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5. Shew that 


2a — 1)’ ze-1 
Bry ~ oF 1° eo 


6. Apply Herschel’s Theorem to find an expression for a 
Bernoulli's number. 


7. Demonstrate the following relation between the even 
Bernoulli’s numbers : 

o2n-1 Bs Qin-3 — ars ee _¢ 

an |2 ~ [4n—4 6° T ant” 


[Knar, Grunert, Xxvul. 455.] 


8. Assuming the truth of the formula 


fti-dn4]- ed dt, 


e’—l <¢«z 


deduce a value of B,,_, 


9. Prove that the coefficient of 6” in the expansion of 


(sea) is equal to a D Bes 


10. Express log sinz and log tan # in a series proceeding 
by powers of # by means of Bernoulli’s numbers. 


[Catalan, Comptes Rendus, LIv.] 


11. Shew that the coefficient of 


2” e ‘ —¢ ° Bis bd 
jn in | , log (1 ) dt—zlogz is ae | numerically. 


12, Shew by Bernoulli’s numbers or otherwise that 


1? 2° 3° aL 
41'°241° 3741 0 e060 ad inf. = = 
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13. Prove ae 
B, 


1a + 7 3.47 —... =0, 
14, Express the sums of the powers of numbers less than 
n and prime to it in series involving Bernoulli’s numbers. 


[Thacker, Nouvelles Annales, X. 324.] 


quit htt Pe + ..., Shew that 
{1+ £)*—£"} P,=9, 


1 anti 
(z+5) P,=0, 


(l+a)*P,= og (+0) : 
16. Shew, in the notation of the last question, that 


E""* (BE — 1) (£—2) nifA ntl 
=a Py =(- 1" (G- ++. ..)0 


17. Shew that 


sinz sin2a2  sin3z 
pet gar Tp — 


1 gt at a5 
(-1) {5 eral Beer +B, gem g i 
Il 
where Bi =1- oe + a — 
and hence find the sum of such a series in terms of Ber- 


noulli’s numbers. 
[Dienger, Crelle, xxxiv. 91.] 


18. Shew that* 


1 1 ar® 
Lost 5s + = 35) 
1 re 5n® 

gt 5e = 1536" 


* Many similar summations will be found in a paper by Tchebechef 
[Liouville, xv1. 337]. 
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19. IfS,"=1"+ 2"+... +2”, shew that 
=x-1 
S," = a8" > 8," 
r=1 
[Eisenlohe, Crelle, xxvi1. 193.] 


20. In the notation of Art. 14, page 116, shew that F (a) 


is a rational and integral function of #— 5° and cannot con- 
tain both odd and even powers of the same. 
[Bertrand, Diff. Cal. 350.] 
21. Shew how the method contained in the note on page 


109 could be made to give us the actual values of the 
numbers of Bernoulli by application of Staudt’s Theorem. 


22. Apply the formula, 


o. Be 1 1 
cos 7 +sing=(1+2)(1—5 ) (1452). oie 


to demonstrate (12), page 110. 
[Stern, Crelle, xxv. 88.] 


- “1 
ie : E - {i + * a} i 0", where 


K=NV—1, 


03, If F(n)= 


shew that 


= F(2n), and 2! _—-!B 


2n—1 


[Schlémilch, Crelle, xxx11. 360.] 


=F (2n—1) numerically. 


24. Shew that 


Oe = E [(a +1) 3 { (m+ 2) ..0..E(m-+p)}]- 


| 


[Hargreave, Quarterly Journal, Vu. 26.] 
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n) — tp JP) _ 2 SF (DP) 
25. *Shew that /(D)0" = |n ai 0 = awl 0. 


*Prove that ~ {0 + (n—r)}""" expresses the sum of all the 


homogeneous products of s dimensions which can be formed 
of the r+ 1 consecutive numbers n, n—1,...n—7. 
26. Express 2™ x a™ in factorials. 
[Elphinstone, Quarterly Journal, 11. 254.] 


27. Iflog(lt+a)=A,e+ 4,09 4+ Ao + ..., 
1 3.1 
shew that A = ; {log 4*6 log 5 , 
28. If K,"=number of combinations of m things 7 to- 
gether with repetitions, 


C,” = number of combinations of m things r together with- 
out repetitions, 
ame | aad . ; oe 
then K," = - a erm and C,” is obtained by writing — (m+ 1) 
for m in the expanded expression for A,”. 
(Wasmund, Grunert, Xxxiv. 440.] 


29. Shew that in the notation of Art. 10 
C2 -Cf+Cy— ...=9, 
n—1 
"n+l" 
[Grunert, Ix. 333.] 


and B.0*-B,C?+... = te 


30. Shew that 
m [7 z\* xa 
z(a@—1)....(«—-m+1 == / 2 (cos 5) cos > cos madz ; 


and find from this an expression for the coefficients of the 
powers of # in the expanded factorial 2 in the form of a 


definite integral. 
[ Grunert, x1. 44:7.] 


* Jeffery (Quarterly Journal, tv. 364), 
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31. Deduce (26) page 115, from (21) page 24. 
32. Shew that Cy°=3, and CP =85. 


33. Shew that if «<n the coefficient of 
o* in 7) is ee oth 
et (n—1) (n —2)...(n— x)’ 
in the notation of Art. 10. 
[Schlémilch, Grunert, xvu. 315.] 


34, Shew that (with the notation of (21), page 113) 


an@)]=a[ferr tae treat). 


and find the general formula for r= x. 
Shew that 


1 n~1 
2) A™"(- =(- 
E G)| r=2 ( 1) Pract 
30. If z - = D,, shew that 
n Al’ gr A*l" wet 
D, "S (@) = af (@) += af" (a) + i3tt (a) + .... 


36. Find expressions for Bernoulli’s numbers and Fac- 
torial-coefficients in the form of determinants, 
[Yortolunz, Series II. vit. 19.] 
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CHAPTER VII. 
CONVERGENCY AND DIVERGENCY OF SERIES. 


1, A SERIES is said to be convergent or divergent accord- 
ing as the sum of its first m terms approaches or does not 
approach to a finite limit when n is indefinitely increased. 


This definition leads us to distinguish between the con- 
vergency of a series and the convergency of the terms of a 
scries, The successive terms of the series 


1 1,1,1 
Ltotgtgtst + 


converge to the limit 0, but it will be shewn that the sum 
of n of those terms tends to become infinite with n. 


On the other hand, the geometrical series 


Ltt. 1 
l+otgtetiet ae 
is convergent both as respects its terms and as respects the 
sum of its terms. 


2. Three cases present themselves. Ist. That in which 
the terms of a series are all of the same or are ultimately all 
of the same sign. 2ndly. That in which they are, or ulti- 
mately become, alternately positive and negative. 8rdly. 
That in which they are of variable sign (though not alter- 
nately positive and negative) owing to the presence of a 
periodic quantity as a factor in the general term. The first 
case we propose, on account of the greater difficulty of its 
theory, to consider last, 
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3. Prop. 1. A serves whose terms diminish in absolute 
value, and are, or end with becoming, alternately positwe and 
negative, 1 convergent. 


Let u,—u,+u,—-%U,+... be the proposed series or its 
terminal: portion, the part which it follows -being in the latter 
case supposed finite. Then, writing it in the successive forms 


WU, — Uy + (u, — U,) + (Uy, — Ut) + ae (1), 
U, — (Uy — Us) — (Uy — U,) — oe (2), 


and observing that u,—u,, U,—U,, are by hypothesis 
positive, we see that the sum of the series is greater than 
u,—u, and less than u,. The series 1s therefore convergent. 


Ex. Thus the series 


1,1 1,1 
Ne gtet at. ad inf. 
tends to a limit which is less than 1 and greater than Ty 


2 


4. Prop. II. A series whose n™ term is of the form 
u, sin nO (where 6 rs not zero or an integral multiple of 27) 
will converge uf, for large values of n, u, retains the same sign, 
continually diminishes as n increases, and ultimately vanishes. 


Suppose u, to retain its sign and to diminish continually as 
n increases after the term u,. Let 


S=u,sinaé+u,,,sin (@+1)6+... (3) ; 


* Although the above demonstration is quite rigorous, still such series pre- 
sent many analogies with divergent series and require careful treatment. For 
instance, in a convergent series where all the terms have the same sign, the 
order in which the terms are written does not nffect the sum of the series. 
But in the given case, if we write the series thus, 


1 1 1 1 
(145) -3 at pta)nate 


in which form it is equally convergent, we find that its value lies between : 
1 


and ; while that of the original series lies between 1- 3 I ond 1-5+ 3 i.e. 


1 5 
between 3 and 6 
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. @ 1 1 
Re 2sin 5 S=u, {oos ( — 5) § — cos (a+ 5) of 
1 3 
+ U4; {cos (a + 5) 0 —cos (a + 5) oh A aie 
1 1 
= 1, COS (a _ 5) 9 + (Ug,, — U,) CO8 (« + 5) 0 


+ (Uayg — Ue4,) COS (a+ 5) O+ .... 


Now u,,,—u 


a) 


Unag — Uay,» +». are all negative, hence 
2 sing S—u, cos (a — 5) 0 < (Ug4,— Ua) + (Ugg — Una) Hove 


numerically, 


or <u,—U,; ».<—4U,, since uw, =0. 


an . @ 
Hence the series is convergent unless sin 5 be zero, i.e, un- 
less 9 be zero or an integral multiple of 27r*. 


An exactly similar demonstration will prove the propo- 
sition for the case in which the »™ term is u, sin (n0 — 8). 


Ex. The series 
sin2@ sin 3 
sin 6 + — Ne a 
is convergent unless 6 be zero or a multiple of 27. This is 
the case although, as we shall see, the series 


1 1 eat 
1+ g tats 38 divergent. 


5, The theory of the convergency and divergency of series 
whose terms are ultimately of one sign and at the same time 


converge to the limit 0, will occupy the remainder of this 
chapter and will be developed in the following order. Ist. A 


* Malmstén (Grunert, vr. 38). A more general proposition is given by 
Chartier (Liourille, xvi. 21). 
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fundamental proposition, due to Cauchy, which makes the test 
of convergency to consist in a process of integration, will be 
established. 2ndly. Certain direct consequences of that pro- 
position relating to particular classes of series, including the 
geometrical, will be deduced. 3rdly. Upon those conse- 
quences, and upon a certain extension of the algebraical 
theory of degree which has been developed in the writings of 
Professor De Morgan and of M. Bertrand, a system of criteria 
general in application will be founded. It may be added 
that the first and most important of the criteria in question, 
to which indeed the others are properly supplemental, being 
founded upon the known properties of geometrical series, 
might be proved without the aid of Cauchy’s proposition ; 
but for the sake of unity it has been thought proper to 
exhibit the different parts of the system in their natural 
relation. 


Fundamental Proposition. 


6. Prop. III. If the function ¢ (x) be positive in sign 
but diminishing un value as x varves continuously from ato 0, 
then the series 


h(a) +6 (a+1)+$(a+2)+ ... ad inf. (4) 
will be convergent or divergent according as | h(x) dx 18 
finite or infinite. ° 


For, since ¢(z) diminishes from w=a to c=a+1, and 
again from «=a+1tox=a+2, ..., we have 


[ $@ de <¢@, 


at2 


‘ (a) de<$(a+1), 


and so on, ad inf. Adding these inequations together, we 
have 


[ $e) de < (a) +9 (a+1)4 adinf (6). 


ART. 7.] CONVERGENCY AND DIVERGENCY OF SERIES. 127 


Again, by the same reasoning, 


[" ¢@ de> ¢ (a+), 
[-#@de>$(a+2), 


and soon. Again adding, we have 


[© de> $+) +o (e+2)4 7 6). 


Thus the integral | “¢ (w) dx, being intermediate in value 
between the two series 
d (a) +6 (a+1)+¢6(a+2)+4... 
d(at+1)+¢6(a+2) +... 


which differ by ¢ (a), will differ from the former series by a 
quantity less than ¢ (a), therefore by a finite quantity. Thus 
the series and the integral are finite or infinite together. 


Cor. Jf in the tnequation (6) we change a into a —1, and 
compare the result with (5), 2 will uppear that the serves 


¢(a)+d(at+1)+¢(a+2)+ ... ad inf. 
has for its infertor and superior limits 


| “¢ (x) dx, and | ° d (a) dx. (7). 


7. The application of the above proposition will be suffi- 
ciently explained in the two following examples relating to 
geometrical series and to the cther classes of series involved 
in the demonstration of the final system of criteria referred 
to in Art. 5. 


Ex, 1. The geometrical series 
1+hth'+h'+ ... ad inf. 


is convergent if h <1, divergent if 421. 
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The general term is i”, the value of x in the first term 
being 0, so that the test of convergency is simply whether 


| h7dzx is infinite or not. Now 
0 


* 27h -1 
[edema - 


If h >1 this expression becomes infinite with w and the 
series is divergent. If 4 <1 the expression assumes the finite 


value 


. The series is therefore convergent. 
log h 


If h=1 the expression becomes indeterminate, but, pro- 
ceeding in the usual way, assumes the limiting form 2h* 
which becomes infinite with a. Here then the series is 
divergent. 


Ex. 2. The successive series 


1 1 1 
a" * Gein @+art ous 
1 1 
he i te 
a (log a)” ~ (a+1) {log (a+ 1)} (8)*, 
1 1 


a ee 


aloga(logloga)™ - (a+1) log (a+1) {log log (a+1)}” 


a being positive, are convergent if m>1, and divergent 


ifm 31. 
The determining integrals are 
ee 
22’ J, x(loga)"’ J, vlog x (log log a)" "™ 


* The convergency of these series can be investigated without the use of 
the Integral Calculus. See Todhunter’s Algebra (Miscellaneous Theorems), 
or Malmstén (Grunert, vii. 419). 
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and their values, except when m is equal to 1, are 


i-m 


ar™—al™ (loga)""—(loga)*™ (logloga)""— (logloga)*™ 
1—m : lam 
in which 2=oo. All these expressions are infinite if m be 


less than 1, and finite if m be greater than 1. If m=1 the 
integrals assume the forms 


log — log a, log log a—log log a, log log log x—log log loge ,,. 
and still become infinite with xz. Thus the scries are con- 


vergent if m> 1 and divergent if m 31. 


Perhaps there is no other mode so satisfactory for esta- 
blishing the convergency or divergency of a series as the 
direct application of Cauchy’s proposition, when the inte- 
gration which it involves is possible. But, as this is not 
always the case, the construction of a system of derived rules 
not involving a process of integration becomes important. 
T’o this object we now proceed. 


First derwed Criterion. 

8. Prop. IV. The series u,+u,+u,+...ad inf, all whose 
terms are a aa positive, rs conver gent or divergent accord- 
wg as the ratio “es tends, when x is indefinitely encreased, to 
a limating value less or greater than unity. 


Let h be that limiting value ; and first let A be less than 1, 
and Ict & be some positive quantity so sinall that 2+ & shall 


also be less than 1. Then as we tends to the limit h, it is 


possible to give to # some value n so large, yet finite, that for 


that value and for all superior values of a the ratio ze shall 


lie within the limits h+k and h—k. Hence if, beginning 
with the particular value of x in question, we construct the 


180 CONVERGENCY AND DIVERGENCY OF SERIES. [CH. VII. 


three series 


u,t(A+k)u,t+(h+k)*u,+ ... 
u,, ae nat + Une aoe (9), 
ut(h—hu,t+(h—k)u,t+ ... 


each term after the first in the second series will be inter- 
mediate in value between the corresponding terms in the 
first and third series, and therefore the second series will be 
intermediate in value between 


a.) a and | ees 

1—(h+k) 1—(h—k)’ 

which are the finite values of the first and third series. sind 
therefore the given series is convergent. 


On the other hand, if A be greater than unity, then, giving 
to & some small positive value such that h—& shall also 
exceed unity, it will be possible to give to x some valuc n so 
large, yet finite, that for that and all superior values of a, 


~tt shall lie between h+k and h—k Here then still each 


term after the first in the second series will be intermediate 
between the corresponding terms of the first and third series, 
But h+k and A—k being both greater than unity, both the 
latter series are divergent (Ex. 1). Hence the second or 
given series is divergent also. 
t? i 
Ex. 38. The series 1+¢+ 13 + 33 +..., derived 


from the expansion of ¢’, is convergent for all values of t. 


For if 


t” et 
“Tee? “HTS, (7+ 1)’ 
Use 
then a eet 


and this tends to 0 as x tends to infinity. 
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Ex, 4. The series 

a (a+1) g, o(a+1) (042) 9, 

6 (6+1) b (b+ 1) (6+ 2) 

is convergent or divergent according as ¢ is less or greater 
than unity. 


_a(a+1)(a+2)... (a+ 2-1) 
Hee. Spey) 4e) bee 


14+5¢+ i+ 


Therefore a t, 
u, O+4 
and this tends, x being indefinitely increased, to the limit 1. 
Accordingly therefore as ¢ is less or greater than unity, the 
series 1s convergent or divergent. 


If ¢=1 the rule fails. Nor would it be easy to apply 
directly Cauchy’s test to this case, because of the indefinite 
number of factors involved in the expression of the general 
term of the series, We proceed, therefore, to establish the 
supplemental criteria referred to in Art. 5. 


Supplemental Criteria. 
9. Let the series under consideration be 


Ua  Uays + arg + arg t+. ad inf. (10), 


the general term wu, being supposed positive and diminishing 
in value from w=a to #=1infinity. The above form is 
adopted as before to represent the terminal, and by hypothesis 
positive, portion of series whose terms do not necessarily begin 
with being positive; since it is upon the character of the 
terminal portion that the convergency or divergency of the 
series depends. 


It is evident that the scries (10) will be convergent if its 
terms become ultimately less than the corresponding terms 
of a known convergent series, and that it will be divergent 
if its terms become ultimately greater than the corresponding 
terms of a known divergent scries. 


9—2 
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Compare then the above series whose general term 1s 2, with 
the first series in (8), Ex. 2, whose general term isa. Then 
a condition of convergency is 


1 
Un <a 


m being greater than unity, and x being indefinitely increased. 
Hence we find 


ee; 
u 


a 


1 
“. milog a< log - 


a 


and since m is greater than unity 
1 


loc — 
3 Us 


lea 


On the other hand, there is dive:gency if 
Ul, > a“ ’ 


x being indefinitely increased, and m being equal to or less 
than 1, But this gives 


and therefore 
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It appears therefore that the series 1s convergent or divergent 


log - 


according as, « being indefinitely increased, the function ae 


approaches a limit greater or less than unity. 


But the limit being unity, and the above test failing, let 
the comparison be made with the second of the series in (8). 
For convergency, we then have as the limiting equation, 


1 
Mes 5 (log x)”’ 
m being greater than unity. Hence we find, by proceeding 


as before, 
| 
log — 


LUy 
log log x 


And deducing in like manner the condition of divergency, we 
conclude that the series 1s convergent or divergent according as, 


log — 


LU 
Og & 


x being indefinitely increased, the function lq 


a limit greater or less than unity. 


Should the limit be unity, we must have recourse to the 
third series of (8), the resulting test being that the proposed 
series is convergent or divergent according as, x being indefinitely 


O es 
Iolo LUbe 


lag loy dogs tends to a lumit greater 


increased, the function 


or less than unity. 


The forms of the functions involved in the succeeding tests, 
ad inf., are now obvious. Practically, we are directed to 
construct the successive functions, 


1 J 1 1 
: u, au, alan, — xlalleu 
Ta’ Te’ We? We?” A) 
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and the first of these which tends, as x is indefinitely increased 
to a limit greater or less than unity, determines the series to 
be convergent or divergent. 


The criteria may be presented in another form. For 


representing — by ¢ (x), and applying to each of the functions 


in (A), the rule for indeterminate functions of the form — ; 


we have 


= 


le 3 (x) p(a) ’ 


oe ve) 1 
—* fe ood 
-reefe$ 6-1} 


and soon. Thus the system of functions (A) is replaced by 
the system 


ap’ (x) ap (x) _ 
(ee) ’ eee) p> 


[fafa] a 


It was virtually under this form that the system of functions 
was originally presented by Prof. De Morgan, (Differential 
Calculus, pp. 325—7). The law of formation is as follows. 
If P, represent the n™ function, then 


P,,,=Ux(P,—-1) (11). 


10. There exists yet another and equivalent system of de- 
termining functions which in particular cases possesses great 
advantages over the two above noted. It is obtained by sub- 


stituting in Prof. De Morgan’s forms “we — 1 for is = The 


lawfulness of this substitution may be ‘established as follows, 
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Since u, = , we have 


1L 
p (x) 
Us 1 9 (e+1) 
_ ? (e+1) —$ (2) 
p (2) 
p (x + 8) 
ph () 
(9 being some quantity between 0 and 1) 
_ (2) (x) p (x + 0) (12) 
— (a) $' (#) a 
Now $ es a has unity for its limiting value ; for, ¢ (x) 


tends to become infinite as x is indefinitely increased, and 


-—1 


therefore ee assumes the form 9; therefore 
¢ (x + 8) _¢ (x + @) 
d (2) p (2) 

And thus the second member has for its limits ae and 
. Bes 1¢e.1la nd 2 +2), or in other words tends to 
the limit 1. Thus (12) becomes 

us _ 1% (%) 
User f (2) 


Substituting therefore in (B), we obtain the system of 
functions 


« (1), te { 2 (S+-1)—3}, 
tte | te { «(*-1)-1}-1| a (C), 


the law of formation being still P,,, = U"x (P, —1). 
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11, The extension of the theory of degree referred to in 
Art. 5 is involved in the demonstration of the above criteria. 
When two functions of # are, in the ordinary sense of the 
term, of the same degree, i.e. when they respectively in- 
volve the same highest powers of #, they tend, z being 
indefinitely increased, to a ratio which is finite yet not equal 
to 0; viz. to the ratio of the respective coeflicients of that 
highest power. Now let the converse of this proposition be 
assumed as the definition of equality of degree, i.e. let any 
two functions of x be said to be of the same degree when 
the ratio between them tends, x being indefinitely increased, 
to a finite limit which is not equal to 0. Then are the 
several functions 


x (lx), ala (llx)", ...; 
with which * or ¢(z) is successively compared in the de- 


papnstiationd “of the successive criteria, so many interposi- 
tions of degree between x and a", however small a may 
be. For a being indefinitely increased, we have 


jim 2 eo, tim" =0, 
. ale (lla) _ . ala (Ula)” 
lim ar ee lim @ (lx)* = 


so that, according to the definition, x (Jr)” is intermediate in 
degree between x and 2’, 2lx(llx)" between alr and 
x (Ix)'*", .... And thus each failing case, arising from the sup- 
position of m = 1, is met by the introduction of a new function. 


It may be noted in conclusion that the first criterion of the 
system (A) was originally demonstrated by Cauchy, and the 
first of the system (C) by Raabe (Crelle, Vol. 1x.). Bertrand*, 
to whom the comparison of the three systems is due, has de- 
monstrated that if one of the criteria should fail from the 
absence of a definite limit, the succeeding criteria will also 
fail in the same way. The possibility of their continued 
failure through the continued reproduction of the definite 
limit 1, is a question which has indeed been noticed but has 
scarcely been discussed. 


* Liouville’s Journal, Tom. vu. p. 35. 
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12. The results of the above inquiry may be collected 
into the following rule. 


RULE. Determine first the limiting value of the function 
ar According as this 1s less or greater than unity the series 
1s convergent or divergent. 


But if that limiting value be unity, seek the limiting values 
of whichsoever is most convenient of the three systems of func- 
trons (A), (B), (C). According as, in the system chosen, the 
jirst function whose limiting value ts not unity, assumes a 
limiting value greater or less than unity, the serves is conver- 
gent or divergent. 


Ex. 5, Let the given scries be 


1 1 #1 
I+ ot+atat.. (13). 
2 3° 45 
1 
Here %,=-zn» therefore, 
x z 
z+1 142 
Ue 2 * 
ee ee 
Uz (x + 1)** (a +1) 2 


and « being indefinitely increased the limiting value is unity. 


: Now applying the first criterion of the system (A), we 
1ave 


and the limiting value is again unity. Applying the second 
criterion in (A), we have 


zu, lat ln 
“Wan Ux calla’ 
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the limiting value of which found in the usual way is 
Hence the series is divergent. 


Ex. 6. Resuming the hypergeometrical series of Ex. 4, viz. 


a(a+1),, a(a+1)(a+2) 
b(b+1)' ° b(6+1) (6+ 2) 


we have in the case of failure when ¢ = 1, 
a(a+l1)...(a+2—1) 


1+; (tt f+... (14), 


Me = %(b+1)...(b+a—1) * 
Ue, U2 
Therefore re baa’ 


and applying the first criterion of (C), 


which tends to the limit b—a@, The series is therefore con- 
vergent or divergent according as 6—a is greater or less than 
unity. 


If b—a is equal to unity, we have, by the second criterion 


of (C), 
Ue = ((b-—a)x _ 
le | a Fated -1}=t ces i} 
_—alz 
~ ate’ 


sinceb—a=1. The limiting value is 0, so that the series is 
still divergent. 


It appears, therefore, 1st, that the series (14) is convergent 
or divergent according as ¢ is less or greater than 1; 2ndly, 
that if ¢=1 the series is convergent if b—a>1, divergent 


if b—a $1. 


ART. 13.] CONVERGENCY AND DIVERGENCY OF SERIES. 139 


It is by no means necessary to resort to the criteria of 
system (C) in this case. From (13) page 94 we learn that 


we xz 
Tx bears a finite ratio to ,/x =) , and by writing the n® term 


ToT (a +n) 
TaD (6 +n) 


parable with 5 , whence follows the result found above. 


in the form t", it will be found to be com- 


13. We will now examine the series given us by the 
methods of Chap. V. 


By (22) page 100 we have 


1 1 1 2B, 2.38.4 B 
1 1 BB, 
aa er er a 
Unis — Bonar nt 
Here numerically u  oB aa 


uitimately {see (9) page 109}, 


and thus the series ultimately diverges faster than any diverg- 
ang geometrical serves however large # may be. 


As it stands then our results are utterly worthless since 
we have obtained divergent series as arithmetical equivalents 
of finite quantities and in order to enable us to approximate 
to the numerical values of the latter. We shall therefore 
recommence the investigations of Chap. V, finding expres- 
sions for the remainder after any term of the expansion 
obtained, so that there will always be arithmetical equality 
between the two sides of the identity, and we shall be able 
to learn the degree of approximation obtained by examining 
the magnitude of the remainder or complementary term. 


14. The solution of the problem of the convergency or divergency of series 
that has been given is so complete that it is scarcely possible to imagine how 
a case of failure could arise. But we have not only obtained a test for con- 
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vergence, we have also classified it. Let us consider for a moment any in- 
finite series, Its n term wu, must vanish, if the series is convergent, but it 
must not become a zero of too low an order; otherwise the series will be 


divergent in spite of u, becoming ultimately zero. Thus the zero * is of 
too low an order, since tn == gives a divergent series : = is of a sufficiently 


; , I : 
high order, since 2, Be represents a convergent series. Now the serics on 


page 128 give us a classified list of forms of zero. The zeros of any one form 
are separated by the value m=1 into those that are of too low an order for 
convergency and those that are not. But between any zero value that gives 
convergency and that corresponding to m=1 (which gives divergency) come 
all the subsequent forms of zero. Series comparable with the series produced 
by giving m any value >1 in the r* class converge infinitely more slowly 
than those with a greater valuc of m, but infinitely faster than any similarly 
related to the (r+1)® or subsequent classes, whatever value be given to m 
in the second case. Thus we may refer the convergency of any scrics to a 
definite standard by naming the class and the value of m of a series with 
which it is ultimately comparable. 


15. Tchebechef in a remarkable paper (Liouville, xvu1. 366) has shewn 
that if we take the prime numbers 2, 3, 5... only, the series 


F (2) 4+ F (3)+F'(5)+... 
will be convergent if the series 
F(2) | F(3) , F(A) 


log2* log3* iog4 t 
is convergent. Compare Ex. 10 at the end of the Chapter. 


A method of testing convergence is given by Kummer (Crelle, x111.), in- 
ferior, of course, to those of Bertrand, &c., but worthy of notice, as it is 
closely analogous to his method of approximating to the value of very slowly 
converging series (Bertrand, Dig. Cal. 261). It is by finding a function 1, 
such that v,u,=0 ultimately, but a —Uy,,>0 when niso. His further 

n+} 


paper is in Crelle, xv1. 208. 


We shall not touch the question of the meaning of divergent series ; 
De Morgan has considered it in his Differential Calculus, or an article by 
Prehn (Crelle, x1. 1) may be referred to. 


EXERCISES. 


1. Find by an application of the fundamental proposition 
two limits of the value of the series 


1 1 1 


ol 


+l tatps argo” eae 
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In particular shew that if a=1 the numerical value of 


the series will lie between the limits 3 and ee 


2. The sum of the series 


1 1] 
jite tT pizs F aes 


(where 6 is positive) lies between 


3. Examine the convergency of the following series 
. + ee 
1 1 a+} 1 (+444) 
Lea 5° t+ 3 +. 


Ug 


UU 
e*+te 4 ..., 


| _ 1 
singx2 sinmse 


sin @ 9 3 
“i ae ge 


142734374 ..., 
1427443794 ..., 


log 2\2_ /log 3\*% 
(-) +(“5) a aie, 


4, Are the following series convergent ? 


3 S 7 9 oe 


1l+ecosata%cos2a+... where @ is real or imaginary. 


a g" +... where @ is real, 
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5. The hypergeometrical series 


ab. a(a+1)b(6+1) 
Pit easy 


is convergent if x<1, divergent if z> 1. 


If z= 1 it is convergent only when c+d—a—Ob>1. 


6. For what values of « is the following series convergent ? 


ce ae ae 
7. In what cases is 
mre te te ... finite? 
8. Shew that 
wtatet 


is convergent if u,,,—2u,,, + u, be constant or increase with n. 


9. If 


u B.¥ 
Soe q—-—-+-4+ @ery 
U,, nm mn 


shew that the series converges only when a<1, or when 
a@=1, and @>1. 


10. A-series of numbers p,, p, ... are formed by the formula 


i eee (eee 
A logp, +B’ 


shew that the series F’(p,) + F'(p,)+..., will be convergent 
F (2) | #(3) 


f log 2* log 8 T * is convergent, 


[Bonnet, Liouville, virt. 73.] 
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11. Shew that the series 
Ay tG,+Gyt oe; 
and “1 4. —% As 


Qy) Gta, G%+a,+4, 
together. 


af phaavece: converge and diverge 


Hence shew that there can be no test-function ¢ (n) such 
that a series converges or diverges according as ¢ (n) + u, does 
not or does vanish when 7 is infinite. 


[Abel, Crelle, 111. 79.] 
12. Shew that if f(z) be such that 
of (@) 24 
S@) 
when «=0,the series u,+u,+ ... and f(u,)+f(u,)+... 
converge and diverge together, 


13. Prove from the fundamental proposition Art. 6 that 
the two series 


h (1) + (2) + (8) + ..eseeeeeees 
dh (1) + md (m) + m2 (m’*) +... 


vergent or divergent together. 


km being positive are con- 


14. Deduce Bertrand’s criteria for convergence from the 
theorem in the last example. 


[Paucker, Crelle, xu. 138.] 


15. If a,+a,c+a,2*°+ ... be a series in which a,,,,..., 
do not contain z and it is convergent for =6 shew that it 
is convergent for «<6 even when all the coefficients are 
taken with the positive sign. 


16: The differential coefficient of a convergent series 
remains finite within the limits of its convergency. Examine 


the case of u,=q(n) cosné. Ex.  (n)= x, when the sum 


of the original series is — : log (2 — 2 cos 2). 
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17. Find the condition that the product u, u,u,. ... 
should be finite. 


Ex, 2'.3t.4t. .... 
18. If the series u,tu,t+tu,+... has all its terms of 
the same sign and converges, shew that the product 


(1+u,)(1l+4u,).... is finite, 


Shew that this is also the case when the terms have not 
all the same sign provided the series and that formed by 
squaring each term both converge. 


[Arndt, Grunert, XxX1 78.] 
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CHAPTER VIII. 
EXACT THEOREMS. 


1. IN the preceding chapters and more especially in 
Chapter u. we have obtained theorems by expanding func- 
tions of A, £ and D by well-known methods such as the Bi- 
nomial and Exponential Theorem, the validity of which in 
the case of algebraical quantities has been demonstrated else- 
where. But this proceeding is open to two objections. In 
the first place the series is only equivalent to the unexpanded 
function when it is taken in its entirety, and that is only pos- 
sible when the series is convergent; so that there can in this 
case alone be any arithmetical equality between the two sides 
of the identity given by the theorem. It is true that the 
laws of convergency for such series when containing algebra- 
ical quantities have been investigated, but it 1s manifestly 
impossible to assume that the results will hold when the sym- 
bols contained thercin represent operations, as in the present 
case. And secondly, we shall very often need to use the 
method of Finite Differences for the purpose of shortening 
numerical calculation, and here the mere knowledge that the 
series obtained are convergent will not suffice; we must also 
know the degree of approximation. 

To render our results trustworthy and useful we must find 
the limits of the error produced by taking a given number of 
the terms of the expansion instead of calculating the exact value 
of the function that gave rise thereto. This we shall do pre- 
cisely as it is done in Differential Calculus. We shall find the 
remainder after n terms have been taken, and then seek for 
limits between which that remainder must lie. We shall con- 
sider two cases only—that of the series on page 13 (usually 
called the Generalized form of Taylor's Theorem) and that on 
page 90. The first will serve for a type of most of the theo- 
rems of Chapter I1. and deserves notice on account of the 
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relation in which it stands to the fundamental theorem of the 
Differential Calculus; the close analogy between them will 
be rendered still more striking by the result of the investiga- 
tion into the value of the remainder. But it is in the second 
of the two theorems chosen that we see best the importance 
cf such investigations as these. Constantly used to obtain 
numerical approximations, and generally leading to divergent 
serics, its results would be wholly valueless were it not for the 
information that the known form of the remainder gives us 
of the size of the error caused by taking a portion of the series 
for the whole. 


Remainder in the Generalized form of Taylor's Theorem. 


2. Let v, be a function defined by the identity 


(t—a)v, =U, — Us, (1). 
By repeated use of the formula 
Aw,v, = w,,, Av, +u,Au, (2) 
we obtain 
(a—a+1) Av, +1, = Au,, 


(e2—a+2) A’v,.+2Av, =A7u,, 
(e-—a+n) A", + nA” 'v, = A*u,. 


Substituting successively for v,, Av,, A’v,... we obtain 
after slight re-arrangement 


(4— 2) (a-“— 1) 


U,= u,+(a—2) Au,+ 19 u,+ &c. 
4: (a—2)... OS e el) Aas, 
ie 
+R, (3), 


R= (4-2) (@—-#—1)... @—a—n) 


where 
| 2 


A"u, (4), 


e U ras WU e 
v, representing = eo as is seen from (1). 
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3. This remainder can be put into many different forms 
closely analogous, as has been said, to those in the ordinary 
form of Taylor’s Theorem. For instance, if u, = f(x) we have 


=| fet @—2) 2} de; 


a Avy, =[ Arf {a + (a — x) 2} dz 


— ae {x + (a _ x) 6}, 
where @ is some proper fraction. 


If we write « + for a, this last may be written A” f” (x2 + 16) 
where Az is now supposed to be 1 —@ instead of unity, and 
f,, appears under the form 

een A” f’ (a + hé) 

Sg Wea) cont) ke ec a 5), 
from which we can at once deduce Cauchy’s form of the re- 
mainder in Taylor’s Theorem, 1.c. 

atl 
_ (1 — 60)" f"™ («+ Oh), 
after the easy generalization exemplified at the bottom of 
page 11. 


4, Another method of obtaining the remainder is so strik- 
ingly analogous to one well known in the Infinitesimal Cal- 
culus that we shall give it here. (Compare Todhunter’s Diff. 
Cal. 5th Ed. p. 83.) 


Let 
$ (2) —$ (2) — (2-2) Ad («) - © = AY (2) — 
eo AM6 (2) 


be called (a2); where 
(2 —#)= (¢— ax) (e—-x2—-1)...(2-a2—r+1). 
10—2 
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Then, since from (2) 


(2-2)? nrg igy | — 2-2-1)” neti g (gy 2 - PTD Ae 
al ; a'6te) | FA pe) EOP — a0 
we obtain 


AF (2) =— a Ad (2) (6). 


Now if z—«a be an integer 


F(z) — F (x) = AF (a) + AF (@ +1) +...4 AF (2-1) (7), 
and hence is equal to the product of (z — x) and some quantity 
intermediate between the greatest and least of these quantities, 


and as AF’ (z) is supposed to change continuously through the 
space under consideration, it will at some point between 2 


and z (we might say between a and z—1), take the value 
in question, and we may thus write (7), 


F(z) — F (%) = (z—«) AF {z+ 6 (a—2z)}. 
But F(z) =0, .*. (6) becomes 
F(z) =—(z—«) AF {z + 6 (a—2)} 


|7 


A” {2+ 6 (a —2)}, 


or, if z—z=Ah, 


= CO A" (et 60) (8). 


5. A more useful form of the result would be derived at 
once by summing both sides of (6), remembering that £'(z) is 
zero. Since (¢—2—1)" is positive for all values of « less 
than z, we sce that F(x) lies between the products of the sum 


of the coefficients of the form E= #1)" by the greatest and 


least values of A™’d(z). But the sum in question is 
aes i so that the form thus obtained is very convenient. 
[eet 
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This last investigation only applies when z— « is an integer, 
or in other words when the scries would terminate. It is 
evident that if 1t were not so we could not draw conclusions 
as to the magnitude of F(z) — F («) from the successive differ- 
ences as we do above. The form of the periodical constant 
would affect F(z) — F& (#) without affecting the other side of 
the equation. 


Remainder in the Maclaurin Sum-formula. 
6. In finding the remainder in the Maclaurin sum-formula 
we shall take it in the slightly modified form obtaincd by 
writing wu, for | u,dx and performing A on both sides. It 


then becomes 


du, 1, du, a a 
ae *— Au, — pA ee dg (9), 


but for convenience we shall write it in the more symmetrical 
form (using accents to denote differentiation) 


u, = Au,+ A,Au,'+A,Au,” +...+A,, Au” + R,,...(10), 


where 


A,=—3, A,=A,=...=0, and A, = (—1)™"° a 
By maiahs Theorem we have aia s Int. Cal. Ch. tv.) 
1 ” as : zp 
Au, = u, ‘+75 5 Ue +... ur | Rn Pdz, 
gut 
Au, = U, + wee H7 oes ul+ | ag jQn—1 | Pdz, 
Au 2" u™"+| zPdz, 


nti 


ad” 
— ,,2ntl 
where e = We. = aa Ursa 
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Substitute in (10) and the coefficient of u” is 


1 A 
ot 1 ar — coe +A,, (11). 


This must vanish through the identity expressed in (10). 
Our symbolical work is the demonstration of this. 


The coefficient of Pdx under the integral sign 1s 


Qn nt 
= ee | 


|2n ont 7. \2n—1 = * an—1 


We shall now shew that ¢ (2n,z) does not change sign be- 
tween the limits of the integral, remains positive or negative 
as m is even or odd, and has but one maximum (or minimum) 
value in each case. We see from (11) that ¢ (r, z) vanishes 
when z=1, as it also does when z= 0. 


z= ¢ (2n, 2) suppose. 


7. Assume the above to hold good for some value of 7, say 
an even one, so that ¢ (2n, z) 1s positive between 0 and I, 
has but one maximum and vanishes at the limits. Add 
thereto A,, (which is negative) and integrate and we obtain 
gb (2n+1 2). Now this vanishes at both limits, and there- 
fore its differential coefficient d (2n, z) + A, must vanish at 
some point between them. Now this last 1s negative at each 
limit and has but one maximum, thus it must vanish twice, 
—in passing from negative to positive and from positive to 
negative,—so that ¢(27+1,z) has only one minimum fol- 
lowed by a maximum between 0 and 1, and thus can vanish 
but once. Adding <A,,,, (which is zero) to it, for the sake 
of symmetry, and “integrating again we obtain dh (2n + 2, z). 
This vanishes also at both limits, and its differential coefhi- 
cient is, as we have seen, at first negative and then positive, 
changing sign but once. Thus ¢(2n+2,z) has but one 
maximum and remains positive, which was what we sought 
to prove. Continuing thus, the theorem is proved for all 
subsequent values of n, if it be true for any particular one; 


~~, itis gencrally true. 


ia 2 
and as it is true for ¢ (2,2) or —3 
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8. Since ¢ (2n, z) retains its sign between the limits 


R, =-f dh (2n, z) uaz =— eee | oC z)dz, 0< 0<1 


Vite 


= A, in virtue of (11). 


+6 


Now perform % on both sides of (9) and write i u,dac 


for w,, 
B, du, (—1)*B,,., Cu, 
Su, = 0+ Judea +T.$ de “[2m—2 oda 
ea eae 


[2 ; 46 


2% 


‘dt ie 
has between the limits of summation, x and x+ m suppose. 


Then Lu. ; must lhe between the limits + mJ. 


Let Af be the greatest value irrespective of sign that 


9. Other conclusions may be drawn relative to the size of 
the error when other facts are known about the behaviour of u, 
and its differential coefficients between the limits. For in- 
stance, if u," keeps its sign throughout, we may take 0 in- 
stead of — mM as one of the limits. The sign of the error 
will therefore be that of (—1)* 4, and, should u,""* keep the 
same sign as u,”" between the limits, the error made by taking 
one term more of the series will have the same sign as 
(— 1)", i.e. the true value will he between them. This 
18 obviously the case in the series at the top of page 101, 
hence that series (without any remainder-term) is alternately 
greater and less than the true value of the function. 


10. If wu," retain its sign between the limits in (10) we 
have 


R= | dh (2n, 2) u,""dz = — dh (2n, 6) Au”, @<1, 
0 
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Now it can be shewn that $(2n, 6) is never greater nu- 
merically than — 2A,,; hence the correction is never so 
much as twice the next term of the series were it continued 
instead of being closed by the remainder-term. Thus, wher- 
ever we stop, the error is less than the last term, provided 
that the differential coefficient that appears therein either 
ccnstantly increases or constantly decreases between the 
limits taken. This condition is satisfied in all the important 


series of the form © a . The series to which they lead on 


application of the Maclaurin sum-formula all converge for a 
time and then diverge very rapidly. In spite of this diverg- 
ence we see that they are admirably adapted to give us 
approximate values of the sums in question, for we have but 
to keep the convergent portion and then know that our error 
is less than the last term we have kept; and by artifices 
such as that exemplified on page 100, this can be made as 
small as we like. 


11. Several solutions have been given of the problem of finding the re- 
maindcr after any number of terms of the Maclaurin sum-formula. The one 
in the text is by Malmstén, and the proof given was suggested by that in 
paper by him in Crelle aa 55). It has been chosen because the limits 
of the crror thus obtained are perfectly general and depend on no property of 
a, or the differential coefficients thereof, save that such as appear must vary 
continuously between the limits. The idea of the method used in this very 
valuable paper was taken from Jacobi, who used it in a paper on the same 
subject (Crelle, xu. 263), entitled De usu tegitimo formule summatorie 
Maclauriane. Malmsién’s paper contains many other noteworthy results, 
and in various cases gives narrower limits to the error than those obtained 
by other processes, while at the same time they are not too complicated. But 
the whole paper is full of misprints, so that it is better to read an article of 
Schlomilch (Zeitschrift, 1. 192), in which he embodies the important part of 
Malmstén’s article, greatly adding to its value by shewing the connection 
between the remainder and Bernoulli’s Function of which we have spoken 
in Art. 14, page 116. The paper is written with even more than his usual 
ability, and is to be highly recommended to those who wish further informa- 
tion on the subject. 


12. ‘The chief credit of putting the Maclaurin sum-formula on a proper 
footing, and saving the results it gives from the suspicion under which they 
must lie as being derived from diverging series, is due to Poisson. In a 
paper on the numerical calculation of Definite Integrals (Mémoires de 
VAcadémie, 1823, page 571) he starts from an expansion by Fourier's 
Theorem, and obtains for the remainder an expression of the form 


Zz. 1 a {x f= 1 
<P anes a> : 
Ren 2( ia) / ; u, = ps cos 2ivadz 
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and he then investigates the limits between which this will lie. The investi- 
gation is continued by Raabe (Crelle, xviu. 75), and the practical use of the 
results in tho calculation of Definite Integrals examined and estimated, and 
modifications suitable for the purpose obtained. 


A method of obtaining the supplementary term which possesses many 
advantages is based on the fo1mula 


° B (a +xz) — F(a xe) 
e2"* _ 1 


? 


EP (x) = Fae arte)+, | 

0 
where «=,/—1. On this see a paper by Genocchi (Tortolini, Ann. Series, 1. 
Vol. 111.), which also contains plentiful references to earlier papers on the 
subject. Tortolini in the next volume of the same Journal extends it to =”. 
See also Schlomilch (Grunert Archiv, xm. 130). 


13. The investigation which appeared in the first edition of this book 
is subjoined here (Art. 16). The editor thinks that the fundamental assump- 
tion, viz. that the remainder may be considcred as being equal to 


at By, d¥- u, 
Z (-1)) Se. oe 
vont \2r od 


cannot he held to be legitimate, since the series which the latter represents may 
be and often is divergent. For the conditions under which the series itself 
would be convergent, see a paper by Genocchi (Tortolini, Ann. Series, 1. Vol. 
vi.) containing referenccs to some results from Cauchy on the same subject. 
There is a very ingenious proof of the formula itself by integration by parts, 
in the Cambridge Mathematical Journal, by J. W. L. Glaisher, wherein the 
remainder is found as well as the series, and Schlomilch (Zeitschrift, 1. 289) 
has obtained them by a method of great generality, of which he takes this and 
the Generalized Taylor's Theorem as examples. 


14. By far the most important case of summation is that which occurs in 
the calculation of log I'n and its differential coefficients. Tor special examina- 
tions of the approximations in this case we may refer to papers by Lipschitz 
(Crelle, nvr. 11), Bauer (Crelle, tvi1. 256), Raabe (Crelie, xxv. 146, and xxviut. 
10). It must be remembered that there is nothing to prevent there being 
two semi-convergent expansions of the same function of totally different 
forms, so that the discrepancy noticed by Guderman (Crelle, xx1x. 209) in two 


expansions for log I'n, one of which contains a term in x , and the othcr does 


not, does not justify the conclusion that one must be false. 


15. The investigation into the complete form of the Generalized Taylor’s 
Theorem is derived from a paper by Crelle in the twenty-second volume of 
his Journal. Other papers may be found in Liowville, 1845, page 379, (or 
Grunert Archiv, vu1. 166), Grunert, x1v. 337, and Zeitschrift, u. 269. The 
convergence and supplementary term of the expansion in inverse factorials 
(Stirling’s Theorem) have also been investigated by Dietrich (Cretle, rx. 

3). 


The degree of approximation given by transformations of slowly converg- 
ing series has been arrived at by very elementary work by Poncelet (Crelle, 
x11. 1), but the results scarcely belong to this chapter. 
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Limits of the Remainder of the Series for Su,. (Boouz.) 
16. Representing, for simplicity, u, by u, we have 


1, Bi de nt_Banr_ dN 
Bun C+ fude- putz ggg t(- 1) 1.2...2n dxe*n-t 
al 1)r-1 Bo,p-1 d?*- ly 


1.2...2r dat-1 * 


The second line of this expression we cal represent by R, and endeavour 
to determine the limits of its value. 


Now by (9), page 109, 
_ meet 2 ol 
1.2...3r ~ (Qar)* al mal ne 
Therefore substituting, 
Res” gee 2-1 ate 
 pconty m=) (27r)* m* dz™-} 
mao pee (— 1)F-! d?*-ly, 


=22 2 en aA Sinn) a" 
Assume 
(- 1-1 dtu 


r=n+l (2mm) dav-) 


And then, making ew we are led by the general theorem for the 
summation of series (Di i. agdations, p- ee to the differential equation 


tly 
t ‘ae (= 4 ep ent 
(— (-1)" ditty 
(2mm) datett? 
the complete integral of which is (Diff. Equations, p. 883) 


or om + (2mr)*? = 


= ia sin 2mizrx | cos 2m eee 
al (2x) us 1% anti 
n+ 
— cos 2mrx | gin 2mrx ae at : 


or, since we have to do only with integer values of x for which sin (2mrz) =0, 
cos (2mrz)=1, 


eo 1 n+l q™tly, 
Se sin 2mr2z——. rs az. 
Hence 
eum. es 1)*+1 P qtly 
R= 22 jaan | sin 2mrx dzi*i dz 
=2(-1) “fies 2a sin 4rz dently 


(Qa) + + Geyppat atti dz (1), 
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n+ 
the lower limit of integration being such a value of x as makes jae 


to vanish, the upper limit x, Hence if within the limits of integration 


en+1 
- * ee retain a constant sign, the value of R will be numerically less than 


that of the function 
9 1 1 dtly 
lean Gayest | ames 


therefore, than that of the function 


1 1 ; du 
2 lara (ani ... ad inf. dan? 
therefore, by (9), page 109, than that of the function 
i By au 
Qn 1.2... 2n dx" 
When n is large this expression tends to a strict interpolation of form 


between the last term of the series given and the first term of its remainder, 
viz., omitting signs, between 
Buy au Bengt qgiatly 


1.2... 2n da™-! wick aC 1.2...(2n+2) dat (2), 


it bemg remembered that by (9), page 109, the coefficient of am in (1) is, in 


n—loy admtly 
the limit, a mean proportional between the coefficients of : pan-i and —— ant 
in (2). And this interpolation of form is usually accompanied by interpo- 
lation of value, though without specifying the form of the function wu we 
can never affirm that such will be the case. 


The practical conclusion is that the summation of the convergent terms 
of the series for Zw affords a sufficient approximation, except when thc 
first differential coefficient in the remainder changes sign within the limits 
of integration. 
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DIFFERENCE- AND FUNCTIONAL 
EQUATIONS. 


CHAPTER IX. 
DIFFERENCE-EQUATIONS OF THE FIRST ORDER. 


1. AWN ordinary difference-cquation 1s an expressed rela- 
tion between an independent variable x, a dependent variable 
u,, and any successive differences of u,, as Au,, A’u,...A"u,. 
The order of the equation is determined by the order of its 
highest difference ; its degree by the index of the power in 
which that highest difference is involved, supposing the equa- 
tion rational and integralin form. Difference-equations may 
also be presented in a form involving successive values, in- 
stead of successive differences, of the dependent variable ; 
for A™u, can be expressed in terms of u,, w,,,-+-% 


x+n° 


Difference-equations are said to be linear when they are 
of the first degree with respect to u,, Au,, A’u,, ...; or, sup- 
posing successive values of the independent variable to be 
employed instead of successive differences, when they are of 
the first degree with respect to 0,, Us) Mey --» The equi- 
valence of the two statements is obvious, 
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Genesis of Difference-Equations. 


2. The genesis of difference-equations is analogous to that 
of differential equations. From a complete primitive 


F (a, u,, ¢) = 0. (1), 


connecting a dependent variable u, with an independent 
variable x and an arbitrary constant c, and from the derived 
equation 


AF (a, u,, ¢)=0 (2), 
we obtain, by eliminating c, an equation of the form 
d (a, u,, Au,) =0 (3). 


Or, if successive values are employed in the place of dif- 
ferences, an equation of the form 


WP (2, thes Uys) =0 (4). 
Either of these may be considered as a type of difference- 
equations of the first order. 


In like manner if, from a complete primitive 
EP (a, Ugs Cys Cgys+-C,) = 0 (5), 


and from n successive equations derived from it by successive 
performances of the operation denoted by A or £ we elimi- 
nate ¢,, ¢,,...¢,, we obtain an equation which will assume 
the form 


d (a, u,, Au,,...A,u,) = 0 (6), 
or the form 
Ar (&, Ug, Ugsy e+ Uran) = 0 (7), 


according as successive differences or successive values are 
employed. Either of these forms is typical of difference- 
equations of the n™ order. 
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Ex. 1, Assuming as complete primitive u,=ca+c, we 
have, on performing A, 
Au, =c, 
by which, eliminating c, there results 
u, = cu, + (Au,)’, 
the corresponding difference-equation of the first order. 


Thus too any complete primitive of the form u, =czx +f (c) 
will lead to a difference-equation of the form 


u,= Au, +f (Aw, 8). 


Ex. 2, Assuming as complete primitive 
Uu,=ca* + c'b*, 


we have 
Uy, = ca + ob, 
oe zt2 4] xt2Z 
Unig = Ca + OO". 
Hence 
U4 — au,= Cc (b—a) &*, 
Usa —~ AU, = 6 (b—a) 67”. 
Therefore 
Unyg — AU,,, — 6 (a,,, — au,) = 0, 
or 


Uzyg — (@+5) u,,, + abu, = 0 (9). 


Here two arbitrary constants being contained in the com- 
plete primitive, the differencc-equation is of the second 
order. 


3. The arbitrary constants in the complete primitive of a 
difference-equation need not be absolute constants but only 
periodical functions of x of the kind whose nature has been 
explained, and whose analytical expression has been deter- 
mined in Chap. Iv. Art. 4. They are constant with reference 
only to the operation A, and as such, are subject only to the 
condition of resuming the same value for values of x differing 
by unity; a condition which however reduces them to abso- 
lute constants when # admits only of such systems of values, 
a3 for instance in cases when it must be integral. 
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Existence of a Complete Primitive. 


4. We shall now prove the converse of the theorem in 
Art. 2, viz. that a difference-equation of the x” order implies 
the existence of a relation between the dependent and inde- 
pendent variables involving n arbitrary constants. We shall 
do so by obtaining it in the form of a series. 


Let us take (6) as the more convenient form of the equa- 
tion, and suppose that on solving for A"u, we obtain 
A"u, =f (x, u,, Au, ... A™"u,) (10). 
Performing A we get 
A"**u, = some function of a, u,, Au,... Au®, 


and on substituting for A*wz from (10) this will reduce to an 
equation of the form 


A™u, =f, (a u,, Au,... A*7u,) (11). 
Continuing this process we shall obtain 
A"'u, =f, (x, u,, Au,... A” *w’) (12). 
But 
u,= bu, =(1 + A) a, 
2 n-! 
=u +(n+7r)¢,+ a C,+ ee + “ oe : Cig 


n-+r)™ 
pO Hn wee, 


+... tHh(—Nn, Uys CG,» ,) (13), 
where ¢,, Cy... C,_, are the values of Au_,... A**u_,, and with 
the value of u_, form 7 arbitrary constants in terms of which 
and the general value of u, 1s expressed. Thus (13) con- 
stitutes the gencral primitive sought. It is evident that it 
satisfies the equation for A?u, for all values of p, since it is 
derived from these equations. 


5. Though this is theoretically the solution of (6) it is 
practically of but little use. On comparing it with the cor- 
responding theorem in Differential Equations, we see that 
both labour under the disadvantage of giving the solution 
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in the form of a series the coefficients of which have to be 
calculated successively, no law being in gencral discovered 
which will give them all, And in one point the series in 
Differences has the advantage, for it consists of a finite 
number of terms only, while the other is in general an infinite 
series. On the other hand, the latter is usually convergent 
(at all events for smal] valucs of 7, since the (a+1)" term 


1% 


contains a as a factor), so that the first portion of the serics 


suffices. But in our case the last part of the series is as 
important as the preceding part, since there is no reas 
to think that the differences will get very small and the 


(rt n)™ 
“| 


Having shewn that we may always expect a Se id 
primitive with » arbitrary constants as the solution of 
difference-cquation of the 2 order*, we shall take the case of 
equations of the first order, beginnin with those that ae 
also of the first degree. 


factor ~ is never less than unity. 


i act Nehaahinne Aten nanatirees 


\U Linear Lquations of the First iad ela) 


6. The a form ae this class of equations is 
— Au, = B,. (14), 
where A, and B, are given mee of a We shall first 
consider the case in which the second member is 0. 


To integrate the equation 
Ue — Au, = 9 (15), 
we have 


=A 


Wes aa) 


whence, the equation being true for all values of w, 
U,= Ay, Us_p 


= Ay Ut 


XL—Q XQ) 
@eeececeecateoeeceoeeeeoss 


Up, = AU 


* An important qualification of this statement will be given in the next 
chapter. 
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Hence, by successive substitutions, 
=AA,_A,.,... A,u, (16), 
r being an sae mica value of a. 


Let C be the arbitrary value of wu, corresponding to «=r 
(arbitrary because, it being fixed, the succecding values of w,, 
corresponding to # =r + 1, c=r+2, ..., are determined in 
succession by (15), while u, is itself left undetermined), then 

(16) gives 
u,, =CA,A,,...4,,; 
whence 
US CAA pA (17), 
and this is the general integral sought*. 


7. While, for any particular system of values of « differ- 


ins by successive unities, C is an arbitrary constant, for the 
aggregate of all possible systems it is a periodical function 
ot a, whose cycle of change is completed, while x varies con- 
tinuously through unity. ” Thus, suppose the initial value of 
xz to be 0, then, whatever arbitrary value we assign to u,, the 
values of wu,, Up, Us, .-» are rigorously determined by the 
leas (15). Here then C, which represents the value of 
, is an arbitrary constant, and we ei 


tt, = CAA, + 


Suppose however the initial value of 2 to be $, and let 
be the corresponding value of u,. Then, whatever arbitrary 


* There is another mode of deducing this result, which it may be well 
to notice. 


Let u,=e’. Then u,,,—e'+4!, and (15) becomes 
ef tAt_ A,<=0 : 
-A s— 0, 
whence At=log Ae, 
t= log A,+ C 
=log A,_, tlog Az gt o- +C 
=log I (4,-,)+C, following the notation of (18). 
Therefore 
up= 8M (4, 1) +°. CIT(A,_,) 
as before. 
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value we assign to £, the system of values of Ug, Uy, ove will 
be rigorously determined by (15), and the solution becomes 


a1 = HA,A, ,... Ay. 


x x—1 ° 


The given lieisaavoiie establishes however no con- 
nexion between Cand L. The aggregate of possible solutions 
as therefore comprised in (17), supposing C therein to be an 
arbitrary periodical function of a completing rts changes while 
x changes through unity, and therefore becoming a simple 
arbitrary constant for any system of values of x differing by 
successive unitres. 


We may for convenience express (17) in the form 
u,= CII (A, ,) (18), 


where IT is asymbol of operation denoting the indefinite con- 
tinued product of the successive values w hich the function of 
x, which it precedes, assumes, while « successively decreases 
by unity. 


8. Resuming the general equation (14) let us give to u, the 
form above determined, only replacing C by a variable para- 
meter C,, and then, in analogy with the known method 
of solution for linear differential equations, seck to deter- 
mine C,. 

We have u,= CU (A,.,), 

Uz. = C,,,1I (A,), 
whence (14) becomes 
C.,,IL (A,) — A, CI (4,,) =B, 


But AI (A,_,) =U (A,), 
whence (C.,,—-C) TT (A,) = B,, 
or, (AC) 1 (4,) = B,, 
whence AC,= ick ‘ 
C.= Sart? (19) ; 


11—2 
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di 1 u4=T(4,,) {3 weyt% (20), 


the general integral sought*. 


Ex.1. Given u,,,—-(w+1)u,=1.2... (+1). 


From the form of the second member it is apparent that a 
admits of integral values only. 


Here A,=a2+1, II (A,,) =2 (e#-1)...1, 
B, Fd Ss Bb, eke is 
Ha) “ga 


.Uu,=2@(#—1)...1x @4+0C), 
where C is an arbitrary constant. 


* The simplest method of solving the equation 
Upp, — A,Us= DB, 
is derived from its analogy with the equation 


dy 
dnt PY=@: 


Tn this latter we sought for a factor u which should make the first side a 
perfect diderential, and found that it was given by solution of the equation 

du 

dx 


In the present case suppose C, to be the factor which makes the left-hand 
bile a perfect difference, i.e. of the form v4, tes. — Vastly. 


Then V4, =C, and v,=A,C,. 
Thus 


= bP. 


‘ v, 1 
z+) = “Tl II (A,) ’ 


as above, putting the Soa constant equal to unity, since we only want 
one integrating factor, not the general expression for such. 


Multiplying by v,,, we get 


B, 
A (vstts)= 11 64 (4,)’ 


By 
1 Mlle =2 Hig t Gs 


eee Ay) {2 apt et 
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Ex, 2. Given u,,,— au, =, where a and 6 are constant. 
Here A, =a, and IT (A,) =a’, therefore 


l-:, 


u=ar{s . +0 =a*"s b 


b 2 
= Ca’, 


where C; is an arbitrary constant. 


We may observe, before dismissing the above example, that 
when A,=—a the complete value of II (A,) is a” multiplied by 
an indeterminate constant. For 


1 (A,)=A,A,,...4, 


=4.0.a...(e—r +1) times, 
a a —_ ar x a’. 

But were this value employed, the indeterminate constant 
a**' would in one term of the general solution (20) disappear 
by division, and in the other merge into the arbitrary con- 
stant C. Actually we made use of the particular value corre- 
sponding to r=1, and this is what in most cases it will be 
convenient to do. 


9. We must here make a remark about the solution of 
linear equations of the first degree, which will be easily appre- 
hended by those who are acquainted with the analogous pro- 
perty of linear differential equations. 


The solution of 
Uy, ~A,w, = B,. (21) 
consists of two parts, one of which contains the arbitrary con- 
stant and is the solution of 
U,., — Apt, = 0 (22), 
and the other is a particular solution of the given equation 
(21). Itis evident that these parts may be found separately; 


the general solution of (22) being taken, any quantity that 
satisfies (21) may be added for the second part and the result 
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will be the general solution of (21). It will be often found 
advisable to use this method in solving such equations, and 
to guess a particular integral instead of formally solving the 
equation in its more general form (21). 


Ex. 3. Given Au,+2u,=—ax2-1. 

Replacing Au, by u,,,—u,, we have 
Uggs + 4, = — (e+ 1). 

Here A,=—1, B,=— (+1), whence 


u,= O(-1*—Z—7. 

Ex. 4 U4, — au, G a 

We find 
nna erat of 
ma fist ge tt et. 


When, as 1n the above example, the summation denoted by 
2 cannot be effected in finite terms, it is convenient to employ 
as above an indeterminate series. In so doing we have sup- 
posed the solution to have reference to positive and integral 
values of z The more gencral form would be 


ea (TL 1 1 
U,=a {ot goa tates, 


r being the initial value of a. 


Difference-Equations of the first order, but not of the first 
degree. 


10. The theory of difference-equations of the first order 
but of a degree higher than the first differs much from that of 
the corresponding class of differential equations, but it throws 
upon the latter so remarkable a light, that for this end alone 
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it would be deserving of attentive study. Before however 
proceeding to the general theory, we shall notice one or two 
great classes of such equations that admit of solution by 
other ways. The analogy between these and well-known 
forms of differential equations is too evident to need special 
notice. 


A. Clairault’s Form, . 
u, = cAu, + f (Au,). 
A solution of this is evidently 
u,=ca+tf(c), 


which gives Au, =c. 
Ex. 5. u=avdu, +(Au,}’ 
gives uU=co+C’, 


B. One variable absent. 
f (Au,, uz) = 9. 
— u, for Au, and solving we obtain 
U4, = (u,) suppose ; 
os Ugg = WY (eas) = 0" (U)s 
denoting by ¥* (x) the result of performing y on ¥ (2). 


Writing u,,, 


Continuing we shall have 
Ur, =" (u,), or if u,=a, u,,, =" (a). 


This may fairly be called a solution of the equation, but 
its interpretation and expansion may offer greater difficulties 
than the original equation presented. ‘This subject will be 


Y 


considered under the head of Functional Lquations. 


Ex. 6. u,,, = 2u2 3 .. Uey = 2 (24,7) = Du, 


= 
and continuing we obtain 


1 


Usin = 9 (2u,)". 
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C. Equations homogeneous in u, 


The type of such equations is 


f(T, 2) =0. 


Ube 


Solve for “##! and we obtain an equation of the form 


u Beets 
24! = A,, which leads to a linear equation in w,. 
u 


Ex. 7. Up, — BU,,,U, + 2u,? = 0 (23). 
Solving U,,, = 2uU, OF U,, 
hence u, = 27°C or C. 


We shall cxamine further on whether these are the only 
solutions of (23). 


Many other difference-equations may be solved by means 
of relations which connect the successive values of well-known 
functions, especially of the circular functions, 


Ex. 8. Ue Ue — A, (U,,, —U,) +1 = 0. 
Here we have 

Bs ann Uns aan 

a, IL+uu Pe 


Now the form of the second member suggests the trans- 
formation wu, = tan v,, which gives 


1 tanv 


2 Seog ne 


| + tanv,, tan v, 


= tan (v (v £+1 — v,) 
= tan Av,, 


whence 


v,= C+ tan! ; 


« 
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u, = tan (c + tan” *) 5 


Ex. 9. Given u,,,u, +/{(1—4,,,") (1—u,”)} =a,. 


Let u,= cos v,, and we have 


A, = COS V,,, C08 Vz + Sin ¥,,, SIN V, 


r-+1 


= cos (v,,,— Uz) = cos Av,, 
whence finally 
u, = cos (1+ % cos” a,). 


But such cases are not numerous enough to warrant special 
notice, and their solution must be left to the ingenuity of the 
student. We subjoin examples requiring these and similar 
devices for their solution. 


EXERCISES. 


1. Find the difference-equations to which the following 
complete primitives belong. 


2 4 
‘Ist. u=c2? +c’. 2nd. u=fe (— 1)” 3 -<7. 


9 


8rd.w=ca+ca”. 4th. v=ca?+c’. 


l-a ge 
— 2 a =e ie Ee 
5th. w=c +0(75 Y¢ a) (ita 


Solve the equations 
2. u 
73. Ugy, — AU, = COB NX. 


(4, Ug Ue + (@ + 2) u,,, + ou, =—2— Qa x’. 


22 oa 22 
xy, Pa, = qa . 


5. Un, — Ut, COS A = Cosa cos 2a... cos (@— 2) a. 
6. Ugly, + aU, +b=0. 
Ugthy,, — Ul, + b= 0. 


Qx-1 
8. U,,, 7 OU =e. 
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9) thes sin #9 — u, sin (v7+1) 6 = cos (@ —1)@—cos(8x+1)0. 
WW. u,,, — au, = (2% +1) a*, 

ll. uw, —2u72+1=0. 

yh (@ +1)? (u,,, —au,) =a? (a? + 2x), 
13, (teys)*= 4 (eue)* fu)? + 1}. 
14, u,,, =m (u,)". 

15, A®u, = (u,,,)’ — (u,)”. 
16. u,Au,=cdu, +1. 


17. u 


3 2 ant 2 + es 3 
a OAL Uy, Un, + 20°a*u, ” = 0. 


+10 % 

18. If P, be the number of permutations of n letters 
taken « together, repetition being allowed, but no three con- 
secutive letters being the same, shew that 


epi ne Se 
AP, = (n’? —n) Te 
where a, 8 are the roots of the equation 
a” =(n—1) (a+ 1). [Smith’s Prize.] 
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CHAPTER X. 


GENERAL THEORY OF THE SOLUTIONS OF DIFFERENCE- AND 
DIFFERENTIAL EQUATIONS OF THE FIRST ORDER, 


1. WE shall in this Chapter examine into the nature and 
relations of the various solutions of a Difference-equation of 
the first order, but not necessarily of the first degree, and 
then proceed to the solutions of the analogous Differential 
Equations in the hope of obtaining by this means a clearer 
insight into the nature and relations of the latter. 


Expressing a difference-equation of the first order and n™ 
degree in the form 


(Au)" + P, (Au)"* +P, (Au)"?...4+.P, =0 (1), 


PP,... Px being functions of the variables 2 and u, and then 
by algebraic solution reducing it to the form 


(Au —>p,) (Au—p,)... (Au—p,) =0 (2), 


it is evident that the complete primitive of any one of the 
component equations, 


Au—p,=0, Au—p,=0... Au—p,=0 (3), 


will be a complete primitive of the given equation (1) Lea 
solution involving an arbitrary constant. And thus far there 
is complete analogy with differential equations (Diff. Equa- 
tions, Chap. vil. Art. 1). But here a first point of difference 
arises. ‘lhe complete primitives of a differential equation of 
the first order, obtained by resolution of the equation with 
respect to ow and solution of the componcnt equations, may 
without loss of generality be replaced by a single complete 
primitive. (Jd. Art. 3.) Referring to the demonstration of 
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this, the reader will see that it depends mainly upon the fact 
that the differential coefficient with respect to 2 of any func- 
tion of V,, V,,... V,, variables supposed dependent on 2, will be 
linear with respect to the differential coefficients of these de- 
pendent variables (Jb. (16), (17)]. But this property does not 
remain if the operation A is substituted for that of de’ and 
therefore the different complete primitives of a difference- 
equation cannot be replaced by a single complete primitive *, 
On the contrary, it may be shewn that out of the complete 
primitives corresponding to the component equations into 
which the given difference-equation 1s supposed to be re- 
solvable, an infinite number of other complete primitives 
may be evolved corresponding, not to particular component 
equations, but to a system of such components succeeding each 
other according to a determinate law of alternation as the 
independent variable x passes through its successive values. 


Ex. Thus suppose the given equation to be 


(Au,)* — (a +) Au, + ax =0 (4), 
which is resolvable into the two equations 
Au,—a=0, Au,—a2=0 (5), 


and suppose it required to obtain a complete primitive which 
shall satisfy the given equation (4) by satisfying the first of 
the component equations (5) when x is an even integer, and 
the second when z is an odd integer. 


* This statement must be taken with some qualification. The reason 
why the primitives in question V,—C,=0, V,-—C,=0, ..., can be replaced 
by the single primitive ( V,— C) (V,—-(C)...=0 1s merely that the last equation 
exactly expresses the facts stated by all the others (viz. that some ono of the 
quantities V,, V,,... isconstant) and expresses no more than that. In a precisely 
similar way the primitives of a difference-equation of the same kind, being 
represented by f, (7, u,, C,)=0, f, (x, u., C,)=0, ..., may be equally well re- 
presented by f, (zr, u., C) x f(z, u.,C)x .. =O. But we shall see that the 
latter equation must be resolved into its component equations before any 
conclusion is drawn as to the values of Au,. It is not loss of generality that 
is to be feared when we combine the separate primitives into a single one, 
but gain. The new equation is the primitive of an equation of a far higher 
degree (though still of the first order), and though including the original 
difference-equation is by no means equivalent to it. We shall return to 
this point (page 184). 
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The condition that Aw, shall be equal to a when z is even, 
and to x when z is odd, is satisfied if we assume 


Pe Ge as 


Au, = 5 5 
ata 2 t—2 
=“g tH(-I-s 
the solution of which is 
_ax , x(e¢—1) ,(#-a 1] 
Ge gage eae eas 


and it will be found that this value of w, satisfies the given 
equation in the manner prescribed. Moreover, it is a com- 
plete primitive*. 


2. It will be observed that the same valucs of Au, may 
recur in any order. Further illustration than is afforded by 
Ex. 1 is not needed. Indeed, what is of chief importance to 
be noted is not the method of solution, which might be varied, 
but the nature of the connexion of the derived complete pri- 
mitives with the complete primitives of the component equa- 


* To extend this method of solution to any proposed equation and to 
any proposed case, it is only necessary to express Au, as a linear function 
of the particular values which it is intended that it should receive, each 
such value being multiplied by a coefficient which has the property of 
becoming equal to unity for the values of x for which that terin becomes 
the equivalent of Au,, and to 0 for all other values. The forms of the coeffi- 
cients may be determined by the following well-known proposition in the 
Theory of Equations. 


Prop. If a, B, y,... be the several n** roots of unity, then, 7 being an 


integer, the function Ale apa is equal to unity if x be equal to n or a 


multiple of n, and is equal to 0 if # be not a multiple of n. 


Hence, if it be required to form such an expression for Au, as shall 
assume the particular values p,, De,...P, in succession for the values x=1, 
x=2,...c=n, and again, for the valuesa=n+1, z=n+2,...c=2n, and so on, 
ad inf., it suffices to assume 


Au,= P,_,7,+ Ps—oPo--- + PyinDa (6), 
oth t+y’... 


where P: 
n 


a, 8, y,...being as above the different n‘ roots of unity. The equation (6) 
mu.t then be integrated. 
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tions into which the given difference-equation is resolvable. 
It is seen that any one of those derived primitives would 
geometrically form a sort of connecting envelope of the loci 
of what may be termed its component primitives, i.e. the 
complete primitives of the component equations of the given 
difference-equation., 


If x be the abscissa, u, the corresponding ordinate of a point 
on a plane referred to rectangular axes, then any particular 
primitive of a difference-equation represents a system of 
such points, with abscissze chosen from a definite system dif- 
fering by units, and a complete primitive represents an infi- 
nite number of such systems, the system of abscissze being the 
same for all. Now let two consecutive points in any system 
be said to constitute an element of that system, then it is 
seen that the successive elements of a derived primitive 
(according to the definitions implied above) will be taken 
in a determinate cyclical order from the elements of sys- 
tems corresponding to what we have termed its component 
primitives. 


3. It is possible also to deduce new complete primitives 
from a single complete primitive, provided that in the latter 
_ the expression for u, be of a higher degree than the first with 
respect to the arbitrary constant. The method, which con- 
sists in treating the constant as a variable parameter, and 
which leads to results of great interest from their connexion 
with the theory of Differential Equations, will be exemplified 
in the following section. 


Solutions derived from the Variation of a Constant. 


A given complete primitive of a difference-equation of the 
first order being expressed in the form 


u=f(x, ¢) (7), 
let c vary, but under the condition that Aw shall admit of the 
same expression in terms of a and c¢ as if c were a constant. 
It is evident that if the value of c determined by this condition 
as a function of « be substituted in the given primitive (7) 
we shall obtain a new solution of the given equation of dif- 
ferences, The process is analogous to that by which from 
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the complete primitive of a differential equation we deducc 
the singular solution, but it differs as to the character of the 
result. The solutions at which we arrive are not singular 
solutions, but new complete primitives, the condition to which 
c is made subject leading us not, as in the case of differential 
equations, to an algcbraic equation for its discovery, but to a 
difference-equation, the solution of which introduces a new 
arbitrary constant. 


The new complete primitive is usually termed an indirect 
integral *, 


Ex. The equation w=xAu+(Au)* has for a complete 
primitive 
u=ce+o (8), 
an indirect integral is required. 


Taking the difference on the hypothesis that ¢ is constant, 
we have 


Au=c; 


and taking the difference of (8) on the hypothesis that c is an 
unknown function of «, we have 


Au=c+(%+1) Ac + 2cAc + (Ac)’. 
Whence, equating these values of Aw, we have 
Ac (@+1+2¢+ Ac) =0 (9). 
Of the two component equations here implied, viz. 
Ac=0, Ac+2c+2+1=0, 


the first determines ¢ as an arbitrary constant, and leads back 
to the given primitive (8); the second gives, on integra- 
tion, 


¢=0(-1)'-5-] (10), 


* We shall see reason to doubt the propriety of giving to it any special 
name that would seem to imply that it stood in a special relation to the 
original difference-equation. 
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C being an arbitrary constant, and this value of ¢ substituted 
in the complete primitive (8) gives on reduction 


2 


un \o(- yi 9 (11). 


Now this is an indirect integral. We see that the prin- 
ciple on which its determination rests is that upon which 
rests the deduction of the singular svlutions of differential 
equations from their complete primitives. But in form the 
result is itself a complete primitive; and the reader will 
easily verify that it satisfies the given equation of differences 
without any particular determination of the constant C. 


Again, as by the method of Art. 1 we can deduce from 
(9) an infinite number of complete primitives determining c, 
we can, by the substitution of their values in (8), deduce an 
infinite number of indirect integrals of the equation of differ- 
ences given. 


4. The process by which from a given complete primi- 
tive we deduce an indirect integral admits of geometrical in- 
terpretation. 


For each value of c the complete primitive u=/f (a, c) may 
be understood to represent a system of points situated in a 
plane and referred tu rectangular co-ordinates ; the changing 
vf c¢ into c+Ac then represents a transition from one such 
system tu another. If such change leave unchanged the 
values of wand of Aw corresponding to a particular value of 
x, it indicates that there are two consecutive points, 1.c. an 
element (Art. 2) of the system represented by w=/ (a, c), the 
position of which the transition does not affect. And the 
successive change of c, as a function of aw ever satisfying this 
condition, indicates that each system of points formed in suc- 
cession has one clement common with the system by which 
it was preceded, and the next element common with the sys- 
tem by which it is followed. The system of points formed 
of these consecutive common elements is the so-called indi- 
rect integral, which is thus seen to be a connecting envelope 
of the different systems of points represented by the given 
complete primitive. 
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5. Itis proper to observe that indirect integrals may be 
deduced from the difference-equation (provided that we 
can effect the requisite integrations) without the prior know- 
ledge of a complete priniitive. 

Ex. Thus, assuming the difference-equation, 

wu = cAu, + (Au,)’ (12), 
and taking the difference of both sides, we have 
Au, = Au, + cA®u, + A®u, + 2Au,A’u, + (A°u,)*; 
J. A’u, (A®u, + 2Au, +241) =0, 
which is resolvable into 
A*u, = 0 (13), 
A’u, + 2Au,+2+1=0 (14). 
The former gives, on integrating once, 
Au, =, 


and leads, on substitution in the given equation, to the com- 
plete primitive (8). 


The second equation (14) gives, after one integration, 


Au, = C (— 1) ee (15), 
and substituting this in (12) we have on reduction 
2 AIRY Gee 
v= {orm} =F. (16), 


which agrees with (11). 


6. A most important remark must here be made. The 
method of the preceding article is in no respect analogous 
to the derivation of the singular solution from the differential 
equation. It is precisely analogous to Lagrange’s method of 
solving differential equations by differentiation (Boole, Def. 
iq. Ch. vit. Art. 9), where we form by differentiation a dif- 
ferential equation of the second order, (of which the given 
equation is one of the first integrals,) obtain by integration the 
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dy 


other first integral, and eliminate ae between them. Thus if 
we have 
dy = 
22 Ais mae Moa 0, 
we obtain 
dy 9 @Y 


an integral of which is 


dy |? __ 


and hence the solution of the given equation is 
y® = dcx. 


As a natural consequence of this analogy all the results of 
this method are solutions of the original difference-equation. 
It will be remembered on the contrary that the results of the 
process of finding singular solutions from the diftercntial 
equation may not be solutions at all. The analogies of this 
last process will be referred to later in Art. (21). 


7. The second equation (14) might have been integrated 
in another way, i.e. by simply performing % upon it. We 
should then have obtained 


Au, + 2u,+ — am (17) 
Substituting this in (12) we obtain 
x? 2 a 
u, = Au, (a+ Au,) = (c ~2u,— =) -= (18), 


This appears to be a third complete integral, but it is only 
another form of (11), which may be written thus 


am” _ ney _ ye _l oe 
ut p= OF (-1)"—5 C(-1) +ig; 
O(-1t—fa2{-u- Fe + 08-1)" 


eC, 
=—2u- ote, 
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since C(—1)* 7s constant as far as the operation A is con- 
cerned. 


Substituting in (11) we obtain a result equivalent to (18)*. 


General Theory of Difference-Equations of the first order 
and their solutions. 


8. We shall now examine the meaning and relationship of 
differenee-equations, their complete primitives and indirect 
integrals; and to render our ideas clearer shall notice first 
the analogous cases in differential equations. 


If we have a differential equation of the first order and 
dy 
dx 
solution consists of a series of curves one of which passes 
through every point and no two cut; for if two members of 
the family of curves coincided in one point they would co- 


first degree has but one value at each point, and the 


incide during the remainder of their course. But if 5 be 
Lt 


given by an equation of a higher (suppose the n™) degree 
this is not the case. Writing the equation in the form 


(7-2) (G—p,)...(Ge-»,) =0 (19), 


we see that at every point - may have any one of the 


ad 


valucs p,, ~,+-. P,, but must have one of them. 


§. This and only this 1s told us by (19); the statement 
at the end of the last paragraph is identically the same as the 
statement contained in (19). Hence anything further that we 
can extract from (19) must come from laws independent of 


* It may be shewn independently, that if one integral of (14) gives a 
complete primitive, the other must give the same. For if (17) hold, the 
solution must come under the complete primitive of (14), involving two 
arbitrary constants. But for all such solutions, (15) must also hold, 
Hence all solutions derived from (17) and (12) must come among those 
derived from (15) and (12), and as the converse proposition is also true, the 
results of the two methods must be idcntical. This can only be asserted 
when (14) is of the first degree in A*z,; in all other cases we shall see that 
there is no single complete primitive. 


12—2 
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this special equation, which impose conditions on the systems 


of values that dy can take. The law that effects this is the 


dx 
law of continuity, which requires that ih should vary continu- 


. a 
ously, or that there should not be a finite change in i 
corresponding to indefinitely small changes in wand y. Thus 
if we would trace out a continuous curve that shall be a 
solution of the equation, and commence moving in the direc- 


tion given by oY =,, we shall be compelled to continue 
moving in the direction given by oy =p, at each point, and 


shall not be able to change to the direction $! =p, at any 


point* even though motion in that direction is equally contem- 
plated in equation (19). Thus the law of continuity renders 
equation (19) the same as the system of equations 


d dy 
de =a 0, i — Pe=Oyeers dz — Pp, =9 (20), 


and permits us to solve them separately and take the com- 
bined results as forming the solution of (19). 


10. Now take the case of difference-equations, As before, 
if Au, or Ay be given uniquely by the given equation, there 
exist definite point- systems beginning with any point arbi- 
trarily chosen, but entirely fixed by ‘the choice of it. But 
when the equation is of the form 


(Ay ~ p,) (Ay — p,) --- (Ay ~p,) =0 (21), 
Ay may have any of the x values p,, p,,--.p, at each point. 
And, as before, this and this only is told us by (21), and any 
further information must. be gained hy consideration of the 
general laws that govern Ay ‘and not from the special case 
before us. 


* This is purposely overstated. A case of exception will be noticed 
later, Ait. 20. 
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11. But here no law of continuity comes to our aid. The 
changes in 2 and y are finite and so will therefore that in 
Ay generally be. Thus there is no reason why Ay should 
continue to be equal to p, because it is so at the particular 
point which may be under consideration. In fact, if you will 
trace out a series of points forming a solution, starting from 
an arbitrarily chosen point, you have at each point the choice 
of n different values of Ay, that is, of m different directions 
in which to go to the next point, and your past choice in no 
way binds your present*. At most it can be demanded that 
Ay should be analytically expressible, and that the values 
should not be arbitrarily chosen at each point, but, as we saw 
in Art. 1, this merely implies that the succession of values 
of Ay should obey some law, and places no restriction on 
what that law shall be. The number of point-systems satis- 
fying the equation is therefore infinite, and must defy all 
attempts at expression, and the equation (21) reduces to the 
system of equations 


Ay—p,=90, Ay—p,=9,... Ay — p, = 0 (22), 


but we are not permitted to solve these separately and take 
the combined results as the full solution of (21). 


12, But in spite of all this, if we integrate separately the 
various equations contained in (22), the resulting scries of 
n families of point-systems (any one point in the plane form- 
ing a part of one member of edch system and of only one) 
has great claims to be called a complete solution of (21). 
Let it be denoted by 


i (@ y C)=9, fF (x, y, CL) =9,..-f4 (uy C.) =O (23). 
In the first place, they together impose exactly the saine 


* The consideration that the equation 
(Ay -p,) (Ay —Ps)...(Ay - P,) =0 

means simply that Ay is at every point equal to one of the quantities 
Pir Pay --Pay Gives us the important limitations under which the proof on 
page 160 of the existence of a complete primitive must be taken. Unless the 
equation is of the first degree there will at every fresh step be a choice of 
valucs for Au,,,, Which will of course affect A*+"u, and thus the number of 
distinct expansions will be infinite. When however we have adopted a law 
as to the recurrence of the values of Ay, the expansion at ouce becomes 
definite. 
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restraints on the values of Ay that (21) does, since the first 
member of the series permits it to equal p,, the second per- 
mits 1t to equal p,, and so on, and thus if taken as alternative 
equations they lead to the original equation for Ay. And in 
the second place, if you stand at any point, the n permissible 
changes of y will be those of such members of these n point- 
systems as actually pass through this point. Hence all per- 
missible elements are elements of menbers of (23), and thus all 
possible solutions of the equation are made up of elements of 
the point-systems included in (23). 


13. That the statements in the last paragraph may be true 
of any series similar to (23), it is necessary and sufficient that 
it should at every point give all the admissible values of 
Ay and no more. But this is attainable in many ways 
other than by taking the integrals of (22). For instance, if 
equation (21) be 


(Ay — a) (Ay —6) =0 (24), 
it is equivalent to the alternative equations 
IN =03° a : B-y" 
. (25), 
Fy ea Cai | 
~  g 2 


where ris some fixed value of 2. If then these be integrated, 
they have exactly the same claim to be considered as con- 
stituting a complete solution of (2+) as have the solutions of 


Ay—a=0, Ay—b=0 (26). 


Thus, following the nomenclature of Art. 2, we see that 
we shall have sets of n associated derived primitives, forming 
as complete a solution of the equation as the set of n com- 
ponent primitives. And in no respect do these solutions yield 


* It must not be supposed that the presence of a constant r renders 
these more or less general than (26), Any expression in finite differences 
implies that some system of values of x (differing by units) has been chosen, 
fixing the ordinates on which all our points lie, so that r may be said 
to define the space about which we are talking, and is wholly distinct from a 
constant that determines y, i.e. the position of the point on some one of 
those ordinates which form our working-ground. 
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to the others in closeness of connection with the original 
equation. Had (24) been given in the form 


a+b a—b om a+b a—b oe a 
fay ~ 25 — 25° ay ay 2S" 4 Syn t=o, 
as it might equally well have been, the above solutions would 
have changed places, and the last found would have played 
the part of component primitives to those obtained from the 
solution of the factors of (24). 


14. But in differential equations the solutions of the dif- 
ferential equations 


being supposed to be 
V,—¢,=0, V,—C,=9,...,V%.—-C,=0 (27), 
where C,, C,,...C, are arbitrary constants, the single solution 
(V,-—C)(¥,—- C)... (V,— C) = 0 (28) 


can be substituted for them, since the latter signifies that 
the solution consists of all the curves obtained by giving C 
all possible values in it. This is obviously tantamount to 
giving C,, C,... C, all possible values in the alternative equa- 
tions (27) from which (28) is formed, and taking all the curves 
so given. And this being the case, the differential equation 
obtained from (28) must be the original differential equation, 
since (28) comprehends exactly all solutions of it and no 
more. 


15. And the reasoning which permits us to write (28) in- 
stead of the system of alternative equations (27), holds when 
they are solutions of a difference- instead of a differential 
equation. But it no longer follows that we may use (28) to 
derive our difference-equation from. This may be seen ana- 
lytically from the following consideration. Suppose, for sim- 
plicity’s sake, that V,, V,,... V, are all linear. The equation 
obtained by performing A on (28) will generally be of the 
(n — 1)" degree in C and of the n” in Ay. On eliminating C 
between it and (28), we shall in general obtain an equation of 
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the n* degree in Ay instead of the equation of the n™ degree 
from which we obtained (28). But it may also be seen 
geometrically thus. Suppose we stand at a point and choose 
C so that (28) contains the point in virtue of V,—-C=0 
containing it. Then if we put #+1 for x in (28) we shall 
obtain for y+ Ay all the values of y corresponding to «+1 
on the curves 


V,-C=0, V,-C=0,... V,— C=0, 


no one of which except the first contains the point at which 
we start. Take now the value of C which causes V,- C=0 
to contain the point, we have a similar set of values of Ay, 
and so on for the rest. All these values will of course be 
given by the equation for Ay derived from (28) in the ordi- 
nary way. Thus we see that in general such an equation 
as (28) will lead to a difference-equation of a much higher 
order than the one of which it is a solution, and which per- 
mits values of Ay wholly incompatible with that difference- 
equation. And hence we must in general be content with 
a system of alternative solutions like (23), or if we com- 
bine them as in (28) we must understand that the equation 
in C must be solved before we can deduce the equation in 
question. It is by no means necessarily the case that a 
single equation exists that will lead to the given difference- 
equation, and even if such a solution exists it does not follow 
that it is the full solution of the difference-equation. 


16. But though it is not necessarily so, it may be so. For 
instance, the equation y=cz-+c’ leads to a difference-equa- 
tion of the second order, 1.e. there are two permissible 
values of Ay. But substituting in the original equation the 
co-ordinates of any point, c is found to have two values, so 
that there are two possible values of Ay corresponding to 
these two values of c. Hence here the single equation can 
be taken as a complete substitute for the system of alterna- 
tive equations with which we are usually obliged to content 
ourselves. This may fairly be called a complete primitive, 
but it is by no means the case, as we have seen, that every 
difference-equation has a complete primitive in this sense 
of the word. Suppose now two such primitives can be dis- 
covered—primitives that it leads to and that lead to it— 
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then the second one will be what has been named an indirect 
untegral. The name is very unfortunate, for regarded as an 
integral it stands exactly on the same footing as the other 
complete primitive *. 

17. It is obvious that if such integrals exist they must be 
discoverable by the process of rendering C' variable, but assum- 
ing that the variation of C will not affect Ay. It must be 
noticed that any integral of the resulting equation will lead 
to a new and complete integral of the original equation. We 
need not wait to get a complete primitive (in the stricter sense 
of the word) of this equation, a component or derived integral 
will serve. Nor does the method of deriving them from the 
difference-equation demand special notice here. We shall 
see better its meaning and scope by working out fully an 
example. 


18, We have seen that the equation 


2 = Cn +c (29) 
leads to the difference-equation 
u, = cAu, + (Au,)’ (30). 


Representing, as before, by u, the ordinate of a point whose 
abscissa is 2, we see that (30) represents a family of point- 
systems such that at any point there are two values of Aw,, 
or, in other words, two points with abscissa 2+ 1 that form 
with the chosen point an element of the point-systems (see 
Art. 2). Now (29) represents also a family of point-sys- 
tems such that two contain each point, these two having for 
their distinguishing constants the roots of the equation in ¢ 
formed from (29), by substituting therein the co-ordinates of 
the chosen point. Thus (29) and (30) are co-extensive, the 
elements that satisfy (80) are elements of the point-systems 
included in (29). 


* In the first edition of this work an analytical proof was given that, if 
indirect integrals existed, any one might be taken as the complete primitive, 
and the others as well as the former complete primitive would appear as 
indirect integrals. This seems to be unnecessary. Any indirect inteyral 
conducts to the difference-equation, i.e. it gives precisely the same liberty 
of choice for Ay that the complete primitive did. Considering it as the 
complete primitive, any solutions that satisfy these conditions for Ay are 
therefore, in relation to it, derived or indirect integrals, according as they do 
not or do leave to Ay the full liberty that the equation docs. From this the 
proposition is evident. 
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On solving (30) we obtain 


x" 2 a 
Au,=/u,+% -%, or=— uUt+en7% (31), 


os 
where Jf U, + z is taken to represent the numerical value* 


* As students are so constantly told that the square root of a quantity 
has necessarily a double sign, and that it is impossible algebraically to 
distinguish between them or to exclude one without excluding the other, it 
is necessary to caution them here that, whatever be the truth of the state- 
ment as far as analysis is concerned, it is certainly not true when the 
functions are represented geometrically, or perhaps we should rather say 
graphically. Nothing is casier than to distinguish between curves satisfying 
the equations y= +,/c?—a2* andy=—,/c?—2%. It is true that they will not 
be what we are accustomed to call complete curves, but they will be 
perfectly definite. And with this understanding it will be evident that the 
x? 
4 2 
just as much as if the right-hand side were rational, and it is just as im- 
possible for two members of the family it represents to include the same 
point without wholly coinciding. But not only does a stipulation such as 


equation Au,-= + Uy + gives a unique value of Au, at every point 


2 
the one we have made about the sign to be taken with wt remove all 


indefiniteness geometrically, it also (as must necessarily be the case) removes 
it arithmetically. As an instance take the theorem in italics, 


The next value of 


zt, / (x+1)? w4+1 
ae eee 1S + Uz t Aust ——y-— - a 
_ z> og (#+1)? «+1 
mtn / vet Jugs 24 4 ~ 2 


=its former value, 


If at any step the wrong sign had been taken to the square root we should 
have failed to bring the right result, but by adhering to the stipulation, not 
only do we obtain the right result, but it forms a rigidly accurate proof of the 
theorem. It is the neglect of the above principle of the uniqueness of such 
a 
4 2 
rounds singular solutions in differential equations, 


expressions as + ie U+ that causes much of the obscurity that sur- 
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a 
of the square root of w+ 4° 


same values for c. And the result of performing A on (29) 
tells us that Au,=c, in other words The point-system ob- 


tained by taking at each step 


xa 
du,=+4/ 1,4 4. 3? 


will keep the latter function wholly unaltered, and thus the 
solution of this equation 18 


=4/ ae 
c= ut | 5° 


In a similar way the solution of 


Equation (29) gives us the 


Ho i 
Au,=—A/ Mat 7-5 
es we Mev G3! 


We have divided then our point-systems into two totally 
distinct families, and clements of members of these families 
are alone permitted by (30). Now suppose we first choose 
to take the element given by the first equation of (31), and 
then we change and take that given by the second. We shall 
then have 


“FI ott 
At,,; a 1 (@ ame ‘a eth 


4 2 
=-(e+1)—{+4/ a, 2 2} 
=—(2+1)-¢, 

or =—(x+1)—Au,, (32) 


since our first element belonged to the family 


/ an 
Au, =+ Ust 5-9) 
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=+,/u.4%—% 
c= Ut Z-5: 


Let us for the next element return to the element belong- 
ing to the first family. As before, 


/—~@+3¥ 242 
Dit, =+ eee Se. 


=— (x +2)— ~ p/ tay EA 252} 
=— (x + 2) — — Au Une (33), 


since the last element was taken from the system 


a 2 
Au,=—,/u.+ 2. 


(32) and (33) give the same equation, viz. 
Au,,, =—(@+1)— Au, (34), 
which is identical with (14), page 177. 


or its equivalent 


This on being integrated leads to the equation 


Au, =C(— i 35). 


The undetermined constant enables us to make it give the 
right value c for Au, at the point chosen, and then Au, as 
given by (35) will continue at each point to have a value 
permitted by (30), but belonging alternately to cach of the 
two systems of values into which we have divided it. Thus 
(30) and (35) are both true along the whole of our new 
solution, and we ought to represent this new solution by 
them as a system of ‘simultaneous equations. But wo know 
from Algebra that we can take as an equivalent system 
either of them together with the equation produced, by eli- 
minating Au, between them. This last does not involve Au, 
at all and is a complete primitive. 
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19. It is so obvious that all solutions of a difference- 
equation must be included in those of the equation obtained 
by performing A on it, that it is natural that we should 
try to obtain new solutions of 

(Au, — p,) (Au, —p,)... (Au, — p,) = 0 (36); 
by this methud. The important thing to bear in mind is that 
which has been illustrated in the foregoing investigation, viz. 
that all that the method leads to is that Au, must either 
always continue equal to a particular one of the roots p,, p,, 
-+» Py, or 1t must change so that it jumps from the value of 
one at one point to the value of another at the next, 1... 
A*u, = Ap, or (p,)e,,—(p,),- And it is the alternatives of the 
latter class that make the sole difference between this method 
and the method of Lagrange of solving differential equations. 


In the latter if OY p, at a point a.SY can in general only 


dx 
equal dp, since cannot jump from being equal to p, to 
being equal to p,. 

20. We say that it can in general only equal dp,. It is 
only prevented from taking the specified jump by that jump 
being finite, and hence when we get to a point where p, = p, 


the change is possible. If at the next point 9, is still equal to 


d 
Pro 5d can change back again to p,, andsoon. This will hap- 


pen if it should chance that at the point where p, is equal to 


p, the curve <2 = p, 18 going in the direction of the curve 


dx 
P, =Pp,- In this case then there will be a solution analogous 
to our indirect solutions to difference-equations—its equation 
will be p,=p,, and it will only exist when the curves given by 


d . 
=D, touch the curve p,=p, at the point where they 


; d . 
meet it, or, in other words, if the value of derived from 
p,=p,is p,. Such a solution is termed a singular solution*. 
* Few people seem aware of what might be callcd the rarity of singular 


solutions. ‘lhe chances are infinity to one that a differential equation of 
the first order, but not of the first degree, has no singular solution. As far 
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21. The question at once suggests itself—are there such 
singular solutions to difference-equations? But the answer is 
obvious. If there be any such they are included in the indi- 
rect integrals. It is true that they will have a peculiarity. 
If p,=p, gave Ay =p,, it is evident that the point-system 
?, =p, might be called a solution of the equation 

(Ay — p,) (Ay —p,) -- (Ay —p,) = 0 (37), 
in virtue of it satisfying Ay—p,=0 at every point, or of 
satisfying Ay—p,=0 at every point, or of satisfying them 
alternately in any cycle. Hence it might with propricty be 
called a multiple solution, since it would appear many times 
over in the list of solutions. But it can never fail to be in- 
cluded in the complete primitive or its indirect integrals or 
associated integrals, Poisson (Journal del’ Ecole Polytechnique, 
Tom. Vi. p. 60) has written a paper on such solutions. An 
instance of them is given by the equation 


4°° (Ay) A 
fone ea, 
of which a complete primitive 1s 
meQ)-he 
and for which he obtains the singular solution 
8 ] 82 
YFG (- 5) (40). 


If two of the values of Ay given by (388) be equal we must 


have 
» (4) (Ay)? _ 1, 
3 3” 


: _ 1\* 
° ,Ay=+(+5) ° 


as analysis is concerned it is a mere accident that in certain cases p,=p, 
; dy F ‘ 
gives p, as the value of ae In any equation given for examination, or even 


in one met with in actual investigations, the chance of the existence of a 
singular solution is much greater, for it has probably not been written down 
at random, but has been derived from a complete primitive which represents 
a family of curves having an envelgpe. 
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On substitution in (38) we obtain 


ee 5) = :) = 27, 1" 
Mag (45 t5(5 =£5(45) ; 


es 


according as we take the upper or lower sign within the 
bracket. 


8z 
Thus y=+ 5 (- 5) gives us a singular solution or, as it 
might better be called, a multiple solution*. 


22. Leaving these and returning to the solutions of differ- 
ential equations, we must remark that not only may the 


d d 
change from iL —p,=9 to “a —p,=0 be made at a point 


where p,=p, Without obtaining a discontinuous curve, but 
as a rule it actually 7s made in every complete curve that 
satisfies the equation, provided that a singular solution exists. 
Take, for instance, the cquation y= cx +c’, this leads to the 
alternative differential equations 


dy _ f ae 
dx i a) 


dy _ x 
= va a/y +" -$ 


and the singular solution is of course 


f +2 20 ss 
YE go On es 


This represents a parabola touching the axis of x at the 
origin and having its axis in the negative direction of y. 
The two equations in (41) denote the tangents to it through 
the chosen point, the first representing the one that makes 


(41), 


the algebraically greater angle with the axis of z, since dy ig 


dx 
greater along it. Now take a tangent and beginning from 
g=—oo move along it. At every point it is the solution of 


* Ag in diffcrential equations the results of this method need not be 
solutions, but if they are solutions, they are singular solutions. Compare 
Art, 6. 


192 NATURE OF SOLUTIONS OF EQUATIONS [CH. x. 


the second of equations (41), since the other tangent through 


the point has its ye algebraically greater, as will be seen at 


once from a figure. But as soon as it has touched the en- 
velope it takes at once the réle of being the solution, at every 
point of its length, of the first of equations (41). So that if 
we take the complete curve, i.e. the whole of the tangent 
line, as a solution of the equation, we shall have changed 
from satisfying the second of the alternative equations to 
satisfying the first; the change taking place at the point of 
contact with the envelope. 


23. This enables us to see very clearly that the envelope 
is in reality an indirect integral. For let us start from a point 
on a tangent just before it meets the envelope and proceed 
along it—of course in the positive direction of z—to a point on 
it just after it meets the envelope. Our path at first satisfied 
the second and now satisfies the first of equations (41). Let 
us now change and take the path through the point at which 
we now are that satisfies the second of those equations. It 
will be the tangent through the point which is gust going to 
touch the envelope. On continuing this process we see that 
we have a circumscribing polygon, the limit of which when 
the sides are indefinitely diminished is the curve. And this 
was generated by pursuing exactly the same method that we 
observe in obtaining derived or indirect integrals from com- 
ponent integrals or complete primitives, viz. by alternating 
between different solutions*. 


24. It will not be necessary to dwell upon the derivation of 


* The Singular Solution (or rather Multiple Integral) of Art. 21 partakes, 
as we have seen, of the nature of the singular solution of a Differential 
Equation, since it is derived from the difference equation in the same way, 
viz. by taking the condition that two of the alteraative solutions should 
coincide. And hence it is not to be wondered at that the singular solution of 
a differential equation should have somewhat in it of a multiple integral. 
In point of fact, portions of it form part of all solutions of the original 
equation. For instance, in the case we are considering the solution of, 


ah 
ov = x) yt -- 5 is obtained by always choosing the one of the two 
permissible paths that lie most to the right, supposing that we start from a 
point in the third quadrant, This takes you in a straight line as far as the 
curve and then takes you round during the rest of your motion, since any 
departure must be along a tangent, i, e. more to the left than along the curve, 
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indirect integrals or singular solutions from the complete 
primitive. What has been said will be guide sufficient. But 
before leaving this part of the subject we will examine how 
far these vicws enable us to explain the anomalies connected 
with Singular Solutions in Differential Equations. Boole 
(Dif. Lg. Ch. Vu) gives the following four Properties of 
Singular Solutions: 


TI. An exact differential equation does not admit of a 
singular solution. 


IJ. The singular solution of a differential equation of the 
first order and degree renders its integrating factors 
infinite, 


III. A differential equation may be prepared (even with- 
out the knowledge of its integrating factors) so as no 
longer to admit of a given singular solution of the 
envelope species. 


IV. A singular solution will generally make the value 


2 
of ay as deduced from the differential equation as- 


dx 
sume the ambiguous form 0° 
The first of these scems self-contradictory. An cnvelope 


has the same value of oy as the enveloped curve at the point 


of contact. Hence it must satisfy the differential equation 
of the latter, i.e. the equation that gives a . Now the dif- 
ferential equation to any family of curves whatever, say 
F(x, y, c)=0, can be given in the form of an exact equation. 
All that is necessary is to solve for c and to differentiate the 
resulting equation c= (a, y). Thus (I.) seems tantamount 
to saying that no family of curves can have an envelope. 
(II.) stands or falls with (I.), but is at least remarkable that 
an integrating fuctor should have any essential connection 
with that which is represented by the equation. The inte- 
grating factor is simply the reciprocal of the factor by which 
the equation, when in its exact form, was multiplied to bring 
it into its present form, It is therefore a purely arbitrary 
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thing, and has nought whatever to do with the nature of the 
equation or with that which it represents, And (III.) is not 
less puzzling. For since the geometrical envelope has two 
consecutive points in common with each member of the 
family, it would seem probable that it would continue to have 
that property after any transformation of 2 and y. But were 
this the case it would continue to touch them all, and thus 
to be a singular solution according to our previous remark, 


25. It cannot be doubted that these anomalies demand 
explanation, and if our theory of the nature of a singular solu- 
tion be the right one it must render them intelligible. And 
from our theory we see no reason why exact differential 
equations should be more or less likely to have singular solu- 
tions than others. It is true that they are of the first degree, 
and of course no differential equation that gives a single value 


of i at every point can have a singular solution (Art. 8). 


But there 1s no reason to expect that an exact equation will 
d See) Shs at 
give one value and one only of ee at every point; it will 
usually give the value in terms of quantities such as roots of 
algebraical functions of the co-ordinates, which will have 
more than one value, and no attempt is made in such equa- 
tions to limit the interpretation of these to one of their many 
values. Yet, although our theory declines to take special 
notice of exact equations, it still gives us a clue to the inter- 
pretation of their peculiarity by pointing out a class of equa- 
tions which possess the property 1n question, viz. those that give 
but one value to oe at each point, and which may be for 
shortness’ sake termed unique equations. It must be that 
by our treatment of exact equations we make them to all 

intents and purposes unique equations. 


26. Let us take the instance given by Boole, 
dy dy => 
aye = eat fae 


On dividing by V2? + y’ — a? to render it an exact equation, 
we obtain ; 
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Very —a dct 
Now it is not fair yet to say that this is not satisfied by 
the singular solution 2*?+y* =a’, for that causes the first 


term to assume the indeterminate form Q? but as soon as we 
. o, 8 d a, .2 2 dy 
write 1t in the form age Tye a 0, we see that the 
singular solution has ceased to satisfy it, and hence it must 
be in this step that we have converted the cquation into a 
unique equation. Writing r for Va?+y'—a?, it becomes 
dr dy _ 
dz dx 
series of parabolas touching the circle 7 =0. As y is made to 
increase from its greatest negative value (¢ being taken posi- 
tive) r, which at first would generally be negative, gets 
smaller numerically, vanishes, and then becomes positive. 
This confirms our remark that the complete curves which are 
solutions of the equation require Vz? + y?—a’ to be taken 
partly with a plus and partly with a minus sign, and thus are 
partly solutions of +dr— dy =0, and partly of — dr —dy =0, 
the change occurring at the point of contact with the enve- 
lope*. Of course this is allowable in consideration that the 
sign of + is arbitrary at each point, but 1t will be seen that this 
stipulation renders the equation a unique equation just as 
much as the stipulation that r shall always be taken pusitive. 


0, the integral of which is y —7r=c, representing a 


27. But a difficulty arises here. Since the stipulation, 
which, as we see, renders the equation unique, enables us to 
trace out the whole of each curve, it will enable us to trace out 
all the solutions of the equation, and thus 1s it not a complete 
form of the equation? Itis true that at any point when two of 
the curves intersect we shall pass along one or the other accord- 
ing as we reckon that we have or have not passed the point 
of contact with the envelope, and thus when we make the 

* Should this contact not be real, then, so far as real space is concerned, 
there will be no change in the cyuation satisfied at every point, and ac- 


cordingly there will be at no point an alternative path, and therefore no real 
portion of the singular solution corresponding thereto. 


13—2 
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double supposition we shall, by the aid of the stipulation 
mentioned in the last paragraph, describe the curves without 
destroying the uniqueness of the equation. But this is 
equivalent to taking r of double sign at each point, and it is 
not to be expected that phenomena of intersection (such as 
singular solutions essentially are) will be discoverable by 
analysis which calls a point indifferently 7, y, and —7, y. 
Whatever stipulation we make as to the sign of r to render 
dr — dy = 0, a unique equation renders it impossible that two 
such curves should intersect, i.e. should be satistied by the 
same values of r and y, but if we consider it an intersection 
when the one is satisfied by 7, y, and the other by —7, y, it is 
not to be expected that our analysis will be equally lax. 


28. Assuming then that the true form of the exact differen- 
tial equation is dy + dr=0, we still have to explain how it is 
that 7 =0 fails to satisfy the equation. The equation is no 
longer unique, but the alternative solutions do not seem to 
assist us, the change from the one to the other implies a sud- 


dr dr ae ’ 
den change from a 1 to a 1. This difficulty, which 


is merely a particular case of the one arising from (IIT.), is of 
a wholly different nature to the last one. We have now at 
every point precisely the same liberty of path that we had in 
the original equation—the same number of alternative direc- 
tions. But we seem unable to change from one set to the 
other and thus to have no singular solution. Now the sole 
restrictions on change arise, as we see, from the law of conti- 
nuity, so that it is 1n connection with this that the solution of 
this difficulty must be found. We shall shew how it is that 
we have no longer the opportunity of choosing, at the points 
on the singular solution, along which of two paths we shall go, 


29. For simplicity’s sake, suppose that the appearance of 
uniqueness in the exact equation is produced, as in the 
instance that we have taken, by the presence of a quantity of 
the form Vu, where wu is a rational integral function of # and 
y, so that w= 0 is the singular solution, since it renders equal 


the two values of a . This is a very common case, and the 


treatment will apply to other more complicated cases. Let 
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a, y be the point of contact of a particular primitive with the 
singular solution, and «+da, y + dy, a neighbouring point on 
the same primitive. Then since there is tangency with u=0 
at x, y, the value of «wu at a+dz, y+dy must be of the 
second order (and hence Vu is of the first order) in dx and dy. 
Now take “u and a as new variables, 9, «, expressing y in 
terms of them, and draw the curves represented by the primi- 
tives when 2 and y are considered as Cartesian co-ordinates. 
The axis of 7n is now the singular solution, and as we proceed 
dn . 

da ** 
finite, since 7 was of the first order along a primitive in the 
neighbourhood of 7=0. Thus the primitives seem to cut 
7=0 at an angle. In fact near uw=0, du was of the order 
Vdx excepting for small displacements in the direction of 


along any primitive we find that in its neighbourhood 


u=0 at the poimt. Thus - is generally infinite for 7 =0, 


or the distortion produced by the new representation is so 
great that all curves cutting 7=0 in the original will cut it 
at right angles now. Only those touching it will cut it at a 
smaller angle, and those that had a yet closer contact will 
appear to touch it. And, returning to the original, when we 


remember that ae is of the order a for all directions of dis- 


ax Ndzx 


placement but one coinciding with 7=0, we shall see that 
a solution of the cquation 


dr _ dy _¢ 

dz dx 
must have the direction given by »=0. So considered, the 
apparent absurdity of saying that - _ ow = 0 is satisfied by 


r=, OY 2 0, passes away. And the preparation which Pois- 


son gives for getting rid of envelopes can be explained on 
exactly similar principles ; it differs chiefly in this, that he 
has made a rather more general supposition as to the origin of 


the alternative values of : 
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30. We might have expected (IV.). The equation for es P 
obtained by differentiating the differential equation after 
solving for dy ay 

B08 da da 
ticular primitive at the point and for the singular solution. 
And we should not expect these two values to be obtained by 


se e e e e a 
giving alternative values to the functions in oe whose values 
are not unique, since such functions will naturally have 


unique values on the singular solution. Thus we should 
2 


, must give the value of —4 alike for the par- 


expect that the equation for os would give an indeterminate 


result. 


We may remark in conclusion that we ought to expect no 
such anomalies in the solution of difference-equations, as they 
all arise from change of independent variable, a thing which 
cannot occur in Finite Differences excepting in the simple 
form of change of origin. 


The Principle of Continuity. 


31. We have seen that the great distinction between the 
subject-matter of Difference- and Differential Equations is, 
that the law of Continuity rules in the latter and not in the 
former case. Hence we cannot expect that the results of the 
former will always be represented in the latter, and we have 
already dwelt upon cases in which they are not. It will not do 
to look on the Differential Calculus as a case of the Difference- 
Calculus, subject merely to the stipulation that the differences 
are infinitesimally small—while the latter deals with the 
ratios of simultancous increments of the dependent and inde- 
pendent variables, the latter deals with the limits which 
these ratios approach when the increments are indefinitely 
small—and unless they approach definite limits the case can 
never be in the province of the Infinitesimal Calculus, how- 
ever small the differences be taken. We shall now examine 
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the conditions under which a point-system will merge into 
a curve, and apply our results to the case of solutions of a 
difference-equation. 


32. Itis a familiar but a partial illustration which presents 
a curve as the limit to which a polygon tends as its sides are 
indefinitely increased in number and diminished in length. 
Let us suppose the differences of the value of the abscissa a 
for the successive points of the polygon to be constant, the 
law connecting the ordinates of these points to be expressed 
by a difference-equation, and the corresponding law of the 
ordinates of the limiting curve to be expressed by a differ- 
ential equation. 


Now there is a more complete and there is a less com- 
plete sense in which a curve may be said to be the limit of 


a polygon. 


In the more complete sense not only does every angular 
point in the perimeter of the polygon approach in the trans- 
ition to the limit indefinitely near to the curve, but every 
side of the polygon tends also indefinitely to councidence with 
the curve. In virtue of this latter condition the value of 
Ay 
Ax 
i in the curve. It is evident that this condition will be 
realized if the angles of the polygon in its state of transition 
are all salient, and tend to 7 as their limit. 


in the polygon tends as Az is diminished to that of 


But suppose the angles to be alternately salient and re- 
entrant, and, while the sides of the polygon are indefinitely 
diminished, to continue to be such without tending to any 
limit in which that character of alternation would ccase. 
Here it is evident that while every point in the circumference 
of the polygon approaches indefinitely to the curve, its linear 
elements do not tend to coincidence of direction with the 


curve. Here then the limit to which Re approaches in the 


polygon is not the same as the value of ay in the curve. 


dx 
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33. If then the solutions of a difference-equation of the 
first order be represented by geometrical loci, and if, as Az 
approaches to 0, these loci tend, some after the first, some 
after the second, of the above modes to continuous curves; 
then such of those curves as have resulted from the former 
process and are limits of their generating polygons in re- 
spect of the ultimate dzrection of the linear elements as well 
as position of their extreme points, will alone represent the 
solutions of the differential equations into which the differ- 
ence-equation will have merged. This is the geometrical 
expression of the principle of continuity. 


34. The principle admits also of analytical expression. 
Assuming / as the indeterminate increment of z, let y,, y,,,; 
Yes, be the ordinates of three consecutive points of the 
polygon, let @ be the angle which the straight line joining 
the first and second of these points makes with the axis 
of x, yr the corresponding angle for the second and third of 
the points, and let ~—4d, or @, be called the angle of con- 
tingence of these sides, 


Now, 


— 7" =7 
tan pata fe tan yp = Seen 


Oo — 
e 


Yeron — 2Yernt Y~ 
h 


Yarn — Yx Yesen — Yusn 
1+ h iene apa 


Now, since h = Az, we have 
Yous — Yo = AY, 
Yeran— 2Yasn t+ Yn =A'Yss 
Yessn ~ Yary = AYs + AXye. 
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Therefore replacing y, by y, 


Az Ax 

Now the principle of continuity demands that in order 
that the solution of a difference-equation of the first order 
may merge into a solution of the limiting differential equa- 
tion, the value which it gives to the above expression for 
tan @ should, as Az approaches to 0, tend to become infini- 
tesimal ; since in any continuous curve or continuous portion 
of a curve tan @ is infinitesimal. Again, that the above ex- 
pression for tan@ should become infinitesimal, it is clearly 


necessary and sufiicient that ie should become so. 


35. The application of this principle is obvious. Sup- 
posing that we are in possession of any of the complete 
primitives of a difference-equation in which Az is indeter- 
minate, then if, in one of those primitives, the value of Az 

2 
being indefinitely diminished, that of °4 tends, independ- 
i Az 
ently of the value of the arbitrary constant c, to become infini- 
tesimal also, the complete primitive merges into a complete 

a eects ca aN 
primitive of the limiting differential equation; but if AZ 
tend to become infinitesimal with Az only for a particular 
value of c, then only the particular integral corresponding to 
that value merges into a solution of the differential equation. 


36. We have seen that when a difference-equation of the 
first order has two complete primitives standing in mutual re- 
lation of direct and indirect integrals, each of them represents 
in geometry a system of envelopes to the loci represented 
by the other. Now suppose that one of these primitives 
should, according to the above process, merge into a com- 
plete primitive of the limiting differential equation, while 
the other furnishes only a particular solution; then the 
latter, not being included in the complete primitive of the 
differential equation, will be a singular solution, and retain- 
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ing in the limit its geometrical character, will be a singular 
solution of the envelope species. Hence, the remarkable con- 
clusion that those singular solutions of differential equations 
which are of the envelope species, originate from particular 
primitives of difference-equations; their isolation being due 
to the circumstance that the particular primitives of the 
difference-equation, obtained from the same complete primi- 
tive or indirect integral by taking other values of the arbi- 
trary constant, not possessing that character which is required 
by the principle of continuity, are unrepresented in the solu- 
tions of the differential equation*. 


—_— . _ dy , (dy\* 
37. Ex. The differential equation y= eat (#4) has 
for its complete primitive 
y =cx+c* (42), 
and for its singular solution, which is of the envelope species, 
sar (43). 


It is required to trace these back to their origin in the 
solutions of a difference-equation. Ist, Taking the difference 
of the complete primitive, Az being indeterminate and c a 
mere constant, we have 


Ay =cAz. 


A a ee se tie 
Hence c= xX , and substituting in the complete primitive, 


* It must be remembered that in all this we take no notice whatever 
of the peculiarities arising from the periodicity of the arbitrary constant. 
The extent of the periodic variations of this constant are wholly indepen- 
dent of the magnitude of Az, so that they remain the same however small it 
be, and thus would prove absolutely fatal to the continuity of the resulting 
curve were C not taken as an absolute constant. But this is in reality no 
limitation. For we do not pretend that point-systems can ever become 
continuous curves, but they may form the angular points of a polygon of 
which the curve is the limiting form. Change cannot be continuous in the 
difference-calculus so that C might be considered an absolute constant since 
it is constant with reference to the fundamental operation A. It is solely 
because we wish to embrace also the operation D (implying continuous 
change) in our investigations that we adopt the fiction of C varying con- 
tinuously subject to the condition of being a periodic constant. 
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we have 


Ay , /Ay\? 
yous! +(x2) (44). 


This is the difference-equation sought. 


Taking the difference of (41), Az being still indeterminate 
but c a variable parameter, we have as in Ex, Art. 3, 


Ac + 2c = — (x + Aa), 


a, difference-equation for determining c, and by precisely the 
same method as in Ex. Art. 3, we arrive at the solution 


— 2 +1674 ce) 


It results then that (44) has for complete primitives (42) 
and (45), h being equal to Az. 
2ndly. To determine tan @ for the primitive (42), we have 
Ay=cAa, A*’y =0, 


whence, substituting in (A), we find tan?=0. Thus the 
complete primitive (42) merges without limitation into a com- 
plete primitive of the differential equation. 


But employing the complete primitive (45), we have 


Qxh + h® 


Ay = he (—1)* — 3 


ef? 
A’y =— 2he(—1)*—5- 
Hence 


Ay _90(-1)" ~2 
Ag mel 1) 5° 
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Now this value does not tend to 0 as A tends to 0, unless 
c=0. Making therefore c=0, h=0, in (45), we have as 
the limiting value of ¥ 


ao 
¥y ——- A ? 
and this agrees with (43). 


Thus, while the complete primitive of the differential 
equation comes without any limitation of the arbitrary con- 
stant from the first complete primitive of the difference- 
equation, the singular solution of the differential equation 
is only the limiting form of a particular primitive included 
under the second of the complete primitives (45) of the 
difference-equation. Geometrically, that complete primitive 
represents a system of waving or zigzag lines, each of which 
perpetually crosses and recrosses some one of the system of 


parabolas represented by the equation 
: 2 onl 
y=cot+ 16 = a 


As h tends to 0, those lines deviate to less and less distances 
on either side from the curves; but only one of these tends 
to ultimate coincidence with its limiting parabola. 


38. As the nomenclature of this chapter is not very simple it may be 
useful to recapitulate the various kinds of solution that a difference. 
equation of the first order and nt" degree may have: 


I. Complete primitive 
Indirect integral 
which the equation can be derived, and which can be derived from it. The 
two classes of solution are the same in their relation to the cquation; any 
one may be chosen as complete primitive, and the next become indirect 
integrals, Arts 15, 16. 


solutions involving an arbitrary constant from 


II. Complete primitive (in the less strict sense of the word) 
Component primitive solutions 
Derived primitive 

which do not give to Au, all the freedom it may have, but which still allow it 
such values only as the difference-equation also permits. All these classes 
of solutions have the same relation to the equation, they are derived or 
component in relation to one another. Sets of n such equations granting to 
Au, all the alternative values permitted by the equation form the only 
complete solution that most equations have, and if the members of any 
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such set be called component primitives, all other solutions can be considered 
as derived primitives. Arts, 11—13. 


Ill. Singular Solution 
Multiple Integral See Art, 21. 


EXERCISES. 


1. Find a complete primitive of the equation 
(Au, — a) (Au, — 6) =0 


which shall satisfy the equation Au, —a@=0 only when z is a 
multiple of 3. 


2, The equation 


_ AY 2 Ay 
y= 55 ni (* +5—45) 


is satisfied by the complete primitive y=ca*+c*, Shew that 
another complete primitive 


2 4 
y= {a(-3)"-§} ~= 
may thence be deduced. 


3. Shew that a linear difference-equation with rational and 
integral coefficients admits of only one complete primitive. 


4, The equation 
Ay y 22 Ay 27, 
ai cog eg 
has y=ca*+c" for a complete primitive. Deduce another 
complete primitive. 


1m" 
5. fu ue, = eal’ shew that 
2.4... (a — 1) 1.3......(¢—1) 
“6 ee 


according as # is odd or even. 


206 EXERCISES. [CH. X. 


6. Obtain from the difference-equation y= aby + x 


the indirect integral 


pe tt ees) ng EE 
y= _ mC + 5—4 oe eye odd, 


Hales ene + mC when « is even, 


Y= 94. (e—2) 07 18... @—1) 


and trace the derivation of the singular solution of the dif- 


dy 


m 
1 t i — - - =—=as f; * 
ferential equation y = x 5 + qy therefrom 


dx 


7. From the difference-equation u=wzAu + (Au)’ has 
been derived the indirect integral 


e=fo(-n-1-2, 


shew that, assuming this as complete primitive, the equation 
u=cx +c* results as indirect integral. 


* Here we need not change Az, but may keep it unity, and suppose 
that z, y, m, are all infinite and of the same order, since the equation is 
homogeneous in 2, y, and a constant other than that of integration. Sub- 


ae n 
stituting in the usual way ./2rn (7) for [ we shall obtain 


GSO, f Bix sat 
Aen = "9 Ji Ons’ 


and, as the work will have shewn that C must be of the same order as 


x. . 80 that the terms of this expression are finite, the condition of conti- 
7 


nuity becomes 


mC = 1 = yy 
2 « C,/az mr? 


whence y,,=2 ./2mz, i.e. the point-system becomes the curve y?=4mz. 
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8, The equation u,,, = (1 +u,*) is satisfied by 
U, = (x + c)", 


deduce thence a cycle of three complete primitives. 


9. Form the difference-cquation whose solution is the 
system of alternate equations 


y— cu +a =0 
cy—a+a°=0)}’ 


and also form a difference-equation of the first order whose 
complete solution is one of the derived imtegrals of this 
equation. 


10. Shew that if instead of putting equal arbitrary 
constants in (V,—c,) (V,—¢,) ... =( we put them alter- 
nately positive and negative, but of equal numerical value, 
the resulting differential will be the same, but the resulting 
difference-equation will be different. 


11. Shew that the solution y= 0 of the equation 


8 
(52) — day SE + 8y' = 0 (Boole, Diff: Eq, Ch. vu) 


dx Ey 


is analogous to the singular solutions of difference-equations 
spoken of in Art. 21. 
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CHAPTER XI. 


LINEAR DIFFERENCE-EQUATIONS WITH CONSTANT 
COEFFICIENTS, 


1, THE type of the equations of which we shall speak in 
the present chapter is 
+ A,u, 


+n~1 


+ . tAu, =X (1), 


where A,, A,,...... A, are constants and X is a function of 
the independent variable only. This form will manifestly 
include the form 


U, 


T+n 


A"u, +A A” ut..., +AU, =X (2), 
and may be symbolically written 
S (4) u, = X (3), 


where f(#) is a rational and integral function of F of the 
n™ degree, with unity as the coefficient of the highest term, 
and with all its coefficients constant. 


2. Now we know from (10) page 18 that Z =e”, so that 
we might write (3) in the form 


f (e”) u, =X (4), 


and consider it a linear differential equation of an infinite 
degree and solve it by the well-known rules for such equa- 
tions. The complementary function would then have an 
infinity of terms of the form Ce™ where m would be deter- 
mined by the equation f(e") =0; and to this we should have 
to add a particular integral obtained either by guess or 


ART. 3.] LINEAR DIFFERENCE-EQUATIONS. 209 


by special rules depending on the form of X. But we shall 
not adopt this mode of procedure, and that for two reasons. 
In the first place we have to face the difficulty of an equation 
of an infinite degree, or rather of an equation that combines 
the difficulties of transcendental and algebraical equations ; 
and though we know from experience of Ex. 2, page 79, that 
these difficulties are more apparent than real, and that the 
infinitude of roots merely signify that the constants obtained 
are periodic and not absolute constants, the method still is 
open to the objection of being unnecessarily complex and 
intricate. But there is a more important reason for not 
adopting this method. The problems of Finite Differences 
are really phenomena of discontinuous change, the variables 
do not vary continuously but by jumps. And a method is 
open to grave objection that treats the change as a con- 
tinuous one the results of which are inspected only at certain 
intervals. At all events such a method should not be 
resorted to when the direct consideration of the operations 
properly belonging to the Difference-Calculus suffices to solve 
our problems. 


3. We have seen in Chapter II. that # and A like D 
will combine with constant quantities and with one another 
as though they were symbols of quantity. And thus f (£) 
when performed on the sum of two quantities gives the 
same result as if it were performed on each and the results 
added. Hence if we take any two solutions of the linear 
difference-equation 


f (EB) u,= 0 (3) 


the sum of these solutions will also be a solution. 


Also any multiple of a solution is obviously a solution. 
So that if we can obtain n particular solutions V,, V,,...V,, 
connected together by no linear identical relation, then will 


u, = CLV,+ CLVet+ + CV, (6) 


be a solution, and in virtue of containing n arbitrary constants 
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it will be the most general solution*. We shall now proceed 
to find these particular integrals and shall then have solved 
equation (5), which is the form which (1) assumes when 


4. Let f(£) =0 have as roots m,, m,,...,m,; £ being 
treated as a symbol of quantity. Then we know that 


S (2) = (#-m,) (2—m,) ... (2- m,) (7), 


whether # be a symbol of quantity or of operation, so that 
we may write (5) thus, 


(E —m,) (H—m,) ... (FE —m,) u, =0 (8), 


where E—m, ... denote successive operations the order of which 
as indifferent. Butif we solve the equation (4 —m,) u, =0 
we obtain a particular solution of (8), since the operation 
(H—m,) (H-—m,)...(4—m,_,) performed on a constant of 
value zero must of course produce zero. Putting in turn 
each of the other operational factors last, we obtain other 
particular integrals, and thus when the roots are all different 
we shall obtain the n particular integrals V,, V,,...V, (which 
give us by (6) the general solution) by solving n separate 
equations of the form 


(4 —m) u,=0 (9). 


5. But if one of the roots is repeated—say r times—this 
method fails; for r of the solutions would be in point of fact 
identical or merely multiples of one another. But if the 
said root be m, and we take the full solution of the equation 


(i — m,)"u, = 0 (10), 


(involving, as it will, r arbitrary constants), instead of taking 
the solution of the corresponding case of (9), we shall have 
as before the right number of arbitrary constants and there- 
fore the most general solution. 


* It must be noticed that in linear equations with constant or rational 
coefficients, there are no difficulties arising from alternative values of the 
increments of the dependcnt variables as in the cases which formed the 
subject of the last chapter. The value given for all successive differences is 
strictly unique, 30 that but one complete primitive exists. See note on 
page 181. ‘ 
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G6. We have thus reduced the problem of solving (5) in 
all cases to that of solving a number of separate equations 
of the form 


(EL —m)"u, = 0 (11). 
But (see note page 73) 
J (EL) au, = 0° f (ab) u, (12) ; 
hence 
(EB — m)'u, =m (mE — mym*u, =m" A'(m™u,) =0 by (11); 
“AT (m™*u,) =0, 0m *u,= Co+ Cat Cat... Cx 


since the 7“ difference of such a function vanishes ; and thus 


u,=(0,+ Cat...+ C_2"*) m’ (13). 
Thus the general solution of (5) is 
Up= (y+ Cat... Ca") m (14), 


where r is the number of times the root m is repeated in the 
equation f (£) = 0. 


7. We will illustrate the foregoing by an example. Let 
the equation be 
zu — 2Uz = O, (15), 
or (L° — 3 — 2) u, = 9. 
This is the same as 
(+1)? (£— 2) u, =9, 
and thus the solution of (15) is 
u, = (C, + C,2) (— 1)? + C2” (16). 


8. A slight difficulty presents itself here—not in the 
theory of the solution, but in the interpretation of the result. 
It would seem as if we must content ourselves with results 
impossible in form whenever the roots of the equation for & 


14—2 


Uz, — dU 
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are impossible. This may be avoided thus. Impossible 
roots occur in pairs so that with any term Cz" (a+ @./—1)" in 
the solution, corresponding to a root (a + 8./ — 1) repeated at 
least (r+1) times, there will be a term C’x" (a —B./ —1)*. 
Assuming 


a+B/—1=p (cos6+./ —1sin 6), 


which gives 


p=Ja*+ 6’, tn =, 


the terms become 
ap" { CO (cos 26 + ./—1 sin 26) + C’ (coszO — /—1 sin x6)}, 
or x"p” {Mcos 26 + N sin x6}, 


where Af and W are still arbitrary constants. Thus the part 
of the solution of f(£) u,=0 that corresponds to the pair of 


impossible roots a + 8./ — 1 repeated r times in f (Z) =0 is 


(M,+ Mx +...+M,_2") p* cos x0 
+(N,+ Ne+...+ N27") p* sin 28, 


which has, as we see, the right number of constants. 
Ex. 1. Let the equation Le 
Unie + 2s, + Ue = 0 (17), 
or (E° +1)? u, =0. 
The roots of f(£) =0 are 1, and Page? v— ,each repeated 


twice, the solution is therefore 


o,+¢,0 + (M, + Mx) cos "y + (N, + N,2) sin be (18), 


since p= 1 and tan 0 =./3. 


9. We have thus obtained a solution of the most general 
form possible of the equation f(£)u,=0. We shall now 
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proceed to the more general form of equation which we 
chose as the subject of this chapter, viz. 


f (BE) % =X (19). 


But our past work stands us here in good stead. For if to 
any solution of this equation we add a solution of f(£) u,=0, 
the result of performing f(Z) upon their sum will be X¥ +0 
or X (see Art. 3). If then to a particular solution of (19) 
we add the general solution of (5), we shall get a solution 
of (19) involving m arbitrary constants, and which must 
therefore be the most general solution of (19) possible. 


Our task has therefore reduced itself to finding a particular 
integral of (19). And our first thought is to try if we cannot 
obtain it by a device similar to that which gave us the solu- 
tion of (5)—in other words, deduce it from the solutions of 
simpler equations. At first sight the method seems wholly 
to fail. For if we solve (H — m,)u,=X and obtain the solu- 
tion X,, it is no longer a solution to the full equation. On 
performing f (£) upon it, we obtain 


(Ei— m,) (#—m,)...(#—m,_,) X (20), 
which involves X and its next n —1 consecutive valucs. 


Similarly if we find X, the solution of (4—m,) u, =X, we 
should obtain, on performing f(£) upon it, 
(Ei— m,)...(—m,_,) (E—m,,,)...(2#—m,) X (21). 

10. But a modification of our former method will still 
give us an integral. Instead of taking merely the solution 
of one of the simpler equations, take those of all and com- 
bine them by multiplying each by a constant and adding the 
results, If we perform f(£) on w,X,+y,X,+...+u,4,— 
the roots of f(#) =0 being for the present supposed all dif- 
ferent—we shall obtain the quantity 


{u, (EH —m,)...(H# — m,) + pw, (L— m,) (& —m,)...(—m,) +... 
+p, (EB —m,)...(E—m,.)) X (22), 


And if by choosing yp, 4,,.-.#, aright we are able to make 
the coefficients of all the powers of # in (22) vanish and the 
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term independent of E become unity, we shall have a solu- 
tion of (19) in 
tt, = w,X, + pA, +». HX, (23). 
To do this we must have 
p, (E-m,)...(E— m,) +p, (E—m,) (E-m)..(E—m,) 
+... ol (24), 
when F is treated as a symbol of quantity. This proviso 


enables us to divide with confidence by f(£), and we see 
that 


By Hy ee oc. i 
DomtEomt te m,27 ©) 
or in other words p,, 4... are the numerators of the partial 


fractions into which 75 can be resolved. 


11. Nor will this method fail when a root is repeated. 
Let a root m, be repeated r times, then if we use for 


Xx, Xeyiyee-Xnyyy, the solutions of the equations 
(EF a Mx) Uy, = X, 
(Ei —m,)* u, = X, 


we shall have for the corresponding values of ~ the nume- 
rators of the partial fractions forming FB)’ whose deno- 
minators are 
(EB —m,), (E—m,)’, ...,(E —m,)’. 
Thus’ we have reduced the solution of (19) to that of the 
equation 
(E-m)uf=X (26), 

which we can write by (12) 

mT AS (m~u,) = X ; 

. mu, =>'m~” X, 


ART. 12.] WITH CONSTANT COEFFICIENTS. 215 
or U,=m >’ m** X, 
and (19) is fully solved. 


And a little further consideration shews that this last 
investigation renders unnecessary that in Arts. 2—5, which 
suggested it. For in each of the quantities X,, X,,...X, 
there is a term involving an arbitrary constant, and of the 
form Cm,*, Cm, ...- If we include these in the values of 


X, ... which we substitute in (23) we get the general solution 
at once*, 


12. Let us examine the results at which we have arrived. 
From the equation f(£) w= X we have deduced 
Un = fA, +... +X, (27), 
where X,, X,... are the solutions of (ZH —m,)u,=X and 
kindred equations, and p,, #,-...are the coefficients of the 


partial fractions into which F(®) is resolved when E 1s con- 


sidered a symbol of quantity. But it is natural to ask,— 
Could we not have obtained this at once by symbolical 
methods, thus :-— 


ee x={ A oe tals |x (98). 
™m, f 


But, since X, is a solution of (Z — m,) u,= X, 


Xx 


Sei 2 
x, ae m, ( 9), 
o's Ung = fd, + hg kg oeceee 1x, (30), 


agreeing with (27). 


* It might seem that we shall get more than sufficient constants by this 
method when roots are repeated. For (K—m)'u,= will give r constants, 
and (EH — m)1u,=2z will give r—1 additional ones, while there should 
only ber in all. But since all the solutions of the equation (E —m)"!u,=90 
are solutions of the equation (EK —m)'u,=0, and all the terms which we are 
considering come from these last equations, we neither gain nor lose in 
generality whatever solution of (K —m)'1u,=0 we take, provided we take the 
full solution of (Z -m)’u,=0 which gives r arbitrary constants. 
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13. At first sight this method seems justified by the 
properties of £ proved in Ait. 9; Ch. ur. And there is no 
doubt that, as far as suggestiveness is concerned, such an 
application of symbolical methods is all that could be 
desired. But as it stands it is not rigorous. So long as 
our operations are direct we may place absolute reliance on 
symbolical methods, for the results of the operations are 
unique, and hence equality in any sense must mean alge- 
braical equality. But so soon as any of the operations are 
indirect, further investigation is needed. The results of the 
indirect operations are not, in an algebraical point of view, 
definite, and we must carefully examine each case in order to 
discover the conditions of interpretation of the results that 
there may be algebraical equality. For instance, 


(fi —a) (EB — b) u, = (F— b) (EF — a) u, (31), 
but (Z — a) —_ u, does not equal a (E—a)u, (32), 


—a 
since the left-hand side is definite and the right-hand side 
has an arbitrary constant. And, while the first may be taken 
as an equivalent of u,, the latter is only so when we stipu- 
late that the constant in the term Cua’, resulting from the 


1 oie 
performance of Boa’ shall be taken zero. One difficulty 
of this kind we met with at the beginning of Chapter Iv., and 
we shall content ourselves with investigating the present one, 
leaving all future cases to the student’s own examination. 


14. Take then (28). Since w, is not considered a definite 
quantity, but as a representative of all the quantities that 
satisfy (19), there is no absurdity in representing it as equal 
to the quantity on the right-hand side of (28) which has n 
undetermined constants. All we have to ask is, whether on 
performing f (/) on the right-hand side of (28) we shall obtain 
X; and, this last being a perfectly definite quantity, while 
the right-hand side of (28) is indefinite, we might expect that 
some conditions of interpretation would be necessary in (28) 
to render the equivalence algebraical. But it is not so. For 


on performing f(£) on the first term, viz. fx the opera- 
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tion (H—a), which is one of those composing f(£)*, is 
absorbed in rendering this indefinite term strictly defimie, 
so that the whole result of performing f(/) on it is strictly 
definite. Thus the result of performing f(#) on the nght- 
hand side of (28) is a strictly definite quantity, and as under 
some circumstances it must equal X (which we know from 
the laws of the symbol /), it must be actually equal to itt. 


Ex. 2. U aan 5 Ube, + Ou, =a 5°; 


T49 


or (& — 3) (#— 2) u, = 5’; 


ieee ee eee e—3- eat 
“= (B—3)(E—2) |B-3” E-2 
1 1 


=53> + C3°— 55° + C02 =o 5° + C3” + C2”. 


Col pm 


15. The above is a general solution of linear difference- 
equations with constant coefficients. But, as we have seen 
that the part involving arbitrary constants is readily written 
down after the algebraical solution of the equation f (£) =0, 
and that any particular integral will serve to complete the 


* It must be remembered that these operations being direct it is wholly 
unimportant in what order we perform them. 


+ Whilc it is true that f(z) te A +... | X= X whatever X may, it is by 
LL | 


no means truce that eee tis t fH) X= X. The importance of care in 
this respect if we would avoid loose reasoning may be exemplified by an 
example. In Lincar Differential Equations such a quantity as ee re ig 
often evaluated thus : 


_ The first step with tho interpretation afforded by the second is wholly 
inadmissible : 


It should be thus: 
COS max COS mx COs mx —mM SiN MX — a COS MX 
Dien OO n=O =a) erage 
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solution, it is usually better to guess a particular integral, or 
at all events to obtain it by some special method. 


The forms of X for which this can readily be done are 
three, viz. 


(I.) When X is of the form a*. Since f(#)a*= f(a). a” 
1 


we obviously have oe a" =. a’. 
F(#) f(a) 

(II.) When X is a rational and integral function of a. 
Here we have only to expand f(£) in a series of ascending 
powers of A, and perform it in this shape on X. The result* 
will of course terminate, since X is rational and integral. 
Should f(£) when expressed in terms of A assume the form 
A’ (A + BA + ...), we must evaluate ‘ or >"X before apply- 
ing this method, or may omit the factor A‘, apply the 
method, and then perform >’ on the result. 


(III.) When X is of the form a*d¢ (x), where $(2) is a 


rational and integral function of a Here the formula 
ST (4) a’ (@) =a" f (aL) ¢$ (x) gives us 
Fae HO=* ran 


which comes under our second rule, 


Sin mz and cos mz are really instances of (I), though the 
results will be given in an impossible form. 


16. Special cases of failure of these rules will occur, as in 
the ‘analogous cases in differential equations, We shall con- 
clude the Chapter with two examples of this. 


Ex. 3. (E — a) (H—5b) u, =a". 
Here F(a) =0; Gy) =e 


* Its determinateness will serve as our warrant for its truth. 
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But we may in this case proceed thus: 

a = q” et eee 

Ya=(E—a)(E—b)  (a—a) (ak —b) 


= qq” 1 = q™! a 
~~ ad (a—b+ad) ~ a—b+aA’ 


which comes under (II.). 
Ex. 4. (# —2)° (EB —1) u? = 272”, 


This will be done in a precisely similar way : 


by (IIL) 


_. 92 a" __ 92-358 as* 
Ua = 2" ROH 1)” Ty oA 


=o" "> ( 2 Age +6) = 275 ona tt 
= - ~* 160° 8 


17. In a short note in Tortolini’s Annali (Series 1. vol. v.) Maonardi 
gives a solution of the linear difference-equation with constant coefficients 
that does not require the preliminary solution of the algebraical equation for 
E, but the results do not seem of much value. 


EXERCISES. 


Solve the equations : 


1. t,,,— 3Uz,, — 4u, =m”. 

2. Ung + 4p, + 4= a. 

3B. Usyg + Qty, + Ue = @(e—1) (@—2) 4+ 2 (—1)% 
4. Uz, — 2mu,,, + (m? + n°) u, = m’. 

5. Au, +A®*u,=a +sin a. 

6. tz,,— 6u,,, + 8uz,, —3U, =x + (— 3)”. 

7. A®u, —5Au, + 4u, = 27 (1+ cos x). 

8, A®u,,, — 2A°u, = 2+ 3”, 
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8 ce 
9.  %p,. £ NU, = COS Ma, 


10. u,,,+ 2n°u,,, + nu, = 0. 


11. A person finds his professional income, which for the 
first year was £a, increase in A.P., the common difference 


being £5. He saves every year a of his income from all 


sources, laying it out at the end of each year at r per cent. 
per annum. What will be his income whon he has been « 
years in practice ? 


12. A seed is planted—when one year old it produces 
ten-fold, and when two years old and upwards eighteen-fold. 
Every seed is planted as soonas produced. Find the number 
of grains at the end of the x year. 


CHAPTER XII, 


MISCELLANEOUS PROPOSITIONS AND EQUATIONS. SIMUL- 
TANEOUS EQUATIONS. 


1. SINCE no class of equations of an order higher than 
the first have been solved with the completeness which 
marks the solution of linear difference-equations with con- 
stant coefficients, it becomes very important to find what 
forms of equations can be reduced to this class. The most 
general case of this reduction is with regard to equations 
of the form 


Uean + A, (x) Unennt + A,p (x) p (x > 1) Usin-g 
+ A,f (x) p (v7 —1) p (@—2) u,,,.5 +... =X (1), 
where A, A,... A, are constant, and ¢ (a) a known function. 


These may be reduced to equations with constant coefficients 
by assuming 


u, = (a—n) bd (@—n—l)... d(1) a, (2). 
For this substitution gives 
tesa = $ (2) (© 1) $ (@—2) --- $ (1) te 
Usina1 = i) (x = 1) p (x _ 2) eee d (1) Verne? 


and soon; whence substituting and dividing by the common 
factor d (x) @ (a—1)... (1), we get, 


x 
es A Vesna, + A Pains Tae = (x) b (a — 1)... (1) 


(3), 


an equation with constant coefficients. 
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In effecting the above transformation we have supposed x 
to admit of a system of positive integral values, The general 
transformation would obviously be 


U,= (2—n) h(x—n—1)... ¢ (7), 
r being any particular value of 2 assumed as initzal. 
Equations of the form 
Us, tA, W Ue, + AW Ueyy ab 0. =X, 


are virtually included in the above class. For, assuming 
¢ (x) =a*, they may be presented in the form 


Uzin + Ad (x) Veen + A,a p (x) p (x oa 1) Unen—e + ae x 
(4). 
Hence, to integrate them it is only necessary to assume 
u,= qgitt#3-+(=-)} v, 
(zn) (2—n+1) 
2 


=a Vx (5). 


2. By means of the proposition in the last article we 
can solve all linear binomial equations. Let the equation be 


Ur, + A,u, = B,. (6). 
Assume 
Ay = UVey 00s Vena (7). 
Take logarithms of both sides and let log ¥,_,,, = w,, then 
we have 
Wasnt Weng te +, = log A, (8), 


a linear difference-equation with constant coefficients, Solving 
this we obtain w, and thence v,, which enables us to put (6) 
into the form 


U 


Con Sa U, aes x (9) 
by Art. 1, and thus the equation is solved. 


Such equations are however substantially equations of the 
first degree, and should be treated as such. They state a 
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connection between consecutive members of the series w,, 
Urinr Uragn -+-) aNd leave these last wholly unconnected with 
intermediate values of u. We should therefore assume 2 = ny 
and the equation would become a linear difference-equation 
of the first order, the independent variable now proceeding 


by unit increments. 


3. Equations of the form 
Unes Un + Ay Ue ss +b, = ¢, (1 0) 


can be reduced to linear equations of the second order, and, 
under certain conditions, to linear equations with constant 
coefficients*, 
Assume 
Un, 


U,, = —* 
x Vx 


1 Ane 
Then for the first two terms of the proposed equation, we have 


Unis Vey 
Uns, (u, + a.) = (?: a dey) rea 7 


x44 


ed Vase a Vrs 
To ae EE ae 
Vv, 


Whence substituting and reducing, we find 
Vga + (B, — Boys) Vag, — (Aube + Cz) Vez = 0 (11), 
a linear equation whose coefficients will be constant if the 


functions b, —a,,, and a,b, + ¢, are constant, and which again 


by the previous section may be reduced to an equation with 
constant coefficients if those functions are of the respective 


forms 
Ad (x), Bd (x) $ (x-1). 


4, Although linear difference-equations with variable 
coefficients cannot generally be solved, yet, in virtuc of their 


* Should c, be zero the equation is at once reduced to a linear equation of 
bee, 

the first order by dividing by u, u,,,, and taking 4, #8 Our new dependent 
x 


variable. 
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linearity, they possess many remarkable properties akin to 
those possessed by lincar differential equations, and which 
under certain circumstances greatly facilitate their solution. 
One of these properties is stated in the following Theorem. 


THEOREM. We can depress by unity the order of a linear 
difference-equation 
Neen + Aatlern, + Berne toe HX (12), 


if we know a particular value of u, which would satisfy it were 
the second member 0. 


Let v, be such a value, so that 


Veen + A Mesnar + Biv ein-a +... =0 (13), 
and let u, =,t,; then (1) becomes 
Vssntein + A Lerner + B ensn-atarn2 hae x. 


Or Vey li ty +A Ve yy LE” be + Bagg gl” be 0 =X. 


2° 248-1 
Replacing £ by 1+ A, and developing £", £"", ... in 
ascending powers of A, arrange the result according to as- 
cending differences of ¢,, There will ensue 


(Ugg + Agere t PYarno 0+) te 
+ PAt,+ QA’t, ... + ZA%, = X. 


P, Q,...2 being, like the coefficient of ¢*, functions of v,, 2,,,, 
&c. and of the original coefficients A,, B,, .... 


Now the coefficient of ¢, vanishes by (13), whence, making 
At, =w,, we have 


Pw, + QAuw, ...+ ZA™™u, = X, 


a difference-equation of the 2-1" order for determining 2,*, 
This being found we have 


t. = LW; os uy = Vp dy 


* That the supposition u,=v,t, would lead to a difference-equation of the 
eet order for At, is obvious from @ priori considerations. For the 
complementary function of (12) contains a term Cv,, hence the full value of 
t, contains a term C, and thus the full value of At, contains only n-1 
arbitrary constants, and it must therefore be given by an equation of the 
(n—1) order. That this equation will be linear, follows from the fact that 
the full value of t, is linear in the constants of integration. 
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5. We shall demonstrate the Theorem of the last Article 
by another method, which shews more clearly how the pro- 
perty in question depends on the linearity of the equation; 
and this sccond method will teach us how to extend the 
Theorem to the case in which more than one solution is 
known. 


It was shewn in the last Chapter that linear difference- 
equations of the n™ order had solutions of this form: 


u,=CU,+OV.t... +2 (14), 


where C, C,,... are arbitrary constants, X,, X, are functions 
of z, and Zis a particular integral; also, the part involving 
the arbitrary constants is the solution of the equation formed 
by putting 0 for Yin (12). 


Change « into 2 +1 and eliminate C, between the cqua- 
tions, obtaining 


{o-"} = CV. geese (15), 
suppose. 


U 


Call aia = M, where Alf, is of course a function of «. 


Proceeding as before we shall at length obtain 
(f — M,) (£—MM,_,)...(# — MW) u, 
=a quantity depending on J alone, and therefore 
A (16), 


for the left-hand side must be identical with the first 
member of (12), since, when equated to zero, they have 
exactly the same solution. 


Thus every operation denoted by an operating factor of 
the form 


E* + A,E**4+ ... +N, 


can be split up into » consecutive operations, denoted by 
factors of the form H—M,; and this can be done in many 
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ways, for if we change the order of elimination we shall find 
that we get wholly different operational factors. 


Now suppose we know the first r of the quantities U,, V,,, 
then we know the last r operational factors, Assume 


(E'— M,) (i — M,_.).. (A — M,) us =, (17) ; 
then v, is determined by the equation of the (x — r)™ order, 
(EF — IM) (E—-M,_,)...(# — M,,,) = X (18). 


This last equation we shall now show can be obtained from 
our knowledge of U,, V,, .... 


Let (17) when expanded be 


(+P B+... +P)u, =, (19) ; 
or, what is the same thing, Ict the equation whose solution is 

CU, + 0,V,+...0,2Z, (20) 
be (E°+ Pb +... +P) u,= 0. 


And let (18) when expanded be 
(ET 4 QE 4 + Q, eX (21), 


Q,, Q,, ... being the coefficients that we are secking. 


Substitute for v, from (19), we must obtain (13) thereby, 
and by equating the cvefficients of u,, v,,,.-. of the result- 
ing equation with their coefficients in (13) we shall obtain n 
equations for the n—7 unknown quantities, Q,, Q,..... We 
shall thus obtain by algebraical solution of these equations 
the coefficients Q,, Q...:Qs.,. Thus v, is made to depend 
on a linear difference-equation of the (n—1r)" order. When 
v, is known, u, can always be found, for the equation con- 
necting it with v, 1s in ats resolved form, and can thus be 
solved by successive steps, each consisting of the solution of 
a linear equation of the first order. If n—1 independent 
solutions be known the cquation is reduced to one of the first 
order, and can therefore be fully solved. ‘Thus we obtain the 
more general Theorem. 
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‘THEOREM*. We can depress by r the order of a linear 
difference-equation 


Unen a A jz, n-1 


+ Botta te BX (22), 
uf we know r independent solutions which would satisfy it were 
the second member 0; and if we know n—1 independent solu- 


tions we can solve the equation fully. 


et+n—2 


Ex. Ifa solution of 


Unie + A ie, + Bus = 0 (23) 
be U,, it is required to solve fully the equation 
Unig + Agus, + Bu, =X (24). 


By the last Article equation (23) must be of the form 


(E~P,)(E- Ae) tue =0 (25) ; 
and on comparing the two forms we obtain P,. Oe = 3. 
and therefore (24) may be written 
U, J, Cas pa 5 
(z _B. — (z- “ft aX, (26). 
The first step in the solution gives us 
U ae UZ, »y xX , 
(z = U, ut — II (ee a, E U, + o| 
II (2. ols 
Os 
U2 OLX ) 


Dividing by U,,,, summing, and multiplying by U,, we 
obtain 


w= US fr NBS PEt e|}+ OU. 08) 


z+1 


* Tardi gives a proof of this theorem (Tortolini, Series 1. vol. 1.), and 
especially considers the latter oase. 


15—2 
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6. Certain forms of linear equations can be solved by 
performing A upon them one or more times. 

Take, for example, the equation 

(ce + bax) A®u, + (c+ dz) Au, + cu, =0 (29) 
and perform A” upon it. By the formula at the top of 
page 21, 
Aru, = (LA’ + A)"u2,, 
we have 
fa +b (a+n)} A°?u, + nbAnu, 
+{e+d(x+n)} A™™u, + ndA"u 
+eA"u,=0 (30); 

and if we take n=— 5 supposing that to be an integer, 
we have a linear equation of the first order for A", 


Ex. cA®u, + (a — 2) Au, -u,=0 (31). 
Performing A on it we have 
(7 +1) A®u, + rA’u, = 0, 
which gives 


C 
Au, = je (32) } 
Au =S e+e (38). 
te 
Substituting from (32) and (338) in (31) we obtain 
C C ’ 


A more general form of this solution would be 


U,= r@te- 2) {x We Saw c (35). 


The method is due to Bronwin (Camb. Math. Jour. Vol. ww. 
and Cumb. and Dub. Math. Jour. Vol. 11). 
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7. The solution of two very remarkable non-linear equa- 
tions has been deduced by Prof. Sylvester from that of linear 
equations with constant coefficients. 


Let Usin t Dern tree t pad, =0 (36) 
be any such equation. Then writing it down for the next 
n values of x 


nents + Pen Foose + Palle, = 0, 


Uztan +p 1 stems tee + Pa ssn = 0. 
Eliminating the quantities p,, p,, ... we obtain 


ee errr User | (87), 
Users oneinseest Usin 


an equation which must be satisfied by every solution of (86). 
Now the solution of (36) is 
u, = Aa’ + BB* +... to n terms (38), 
where A, B, ... are arbitrary and a, B, ... depend on 
Py Po --- and these last do not appear in equation (37) which 
we are now considering. Hence (38) will be the solution of 


(37), a, 8, ... being ulso considered arbitrary, thus making 
the full number of 2n arbitrary constants. 


By a slight variation in the method of elimination we can 
obtain the solution of a yet more general equation. Taking 
the last term of each of the equations to the other side and 
eliminating p,, Poy-+-Da4s We obtain 


Urppevreslles, ) a Ua 
Uses waders ot Upypyrrereeseessoeee 
Ussoe-1 ee Uzin Usama eeoeaeveaed Uzin 
Usginep Uz sn—p) eeeeee U, 
Nicssiaiiieitataeseidsens Users 
PS Datla ssc sv gatacuentatecs (39), 
Urse n-2 = Uean-t 


230 MISCELLANEOUS PROPOSITIONS AND EQUATIONS. [CH. XII. 


or calling the last determinant P, 


Puy = (— 1)", P (40), 
the solution of which may be written 
P= CO {(—1)"p,F (41). 
Thus the solution of the equation (writing » + 1 for n) 
WU eapaueheasieesiee U, 
tae aanauiinna ates ee : 
ts 2 ca oie massned Cm (42) 
aren» Ysson—peee ss Ween 
is u, = Ag* + BB* +... ton+1 terms (43), 


where A, B, ... and a, 8, ... are arbitrary constants limited 
by the two equations of condition 
m = apy... 
and C =the determinant P for some value of 2. 
aes we take this last-named value to be zero, it is evident 
that 


FiO sasriewsiaiceteus ls De die ceeerate 
0 AO ies asennad. , By Yy veces 
= | Aa, BB, Oy, 11. | | ceeeeeeereeeees 
Ae DBO seheaweg 
d iam ae Ear res : 
n(n-1) 
a Wakes tal Sas i 
os cece sce 


= ABC... product of squares of differences of a, B, y. 
taken with the proper sign. 


Ex. The equation 


UUays — Up =C (44) 
may be supposed to be derived from the equation 
Ue, + Dy = — Uys 


which gives also 
Unie + pu. s+1 — Uy. 
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Whence eliminating p we have 


User, — Ushers = Ug — Uz Uz,, and .*. = constant, 
since it is equal to its consecutive value. 
Hence u, = Ag” + BB’, where aB=1, 
and (Aa* + BB") (Aa + BB) —(A + BY=C; 
. ABa® + ABB* — 2A BaB = Caf, 
or C=AB(a—8)*. 


Simultaneous Equations. 


8. Instead of asingle equation involving one function we 
may find that we have a system of » equations involving 
n unknown functions of the independent variable. ‘The 
method by which we reduce this to the former case is so 
obvious that we shall not dwell upon it. We must by the 
performance of A or & obtain a system of derived equations 
sufficient to enable us by elimination to deduce a final equa- 
tion involving only one of the variables with its differences 
and successive values. The integrations of this will give the 
general value of that variable, and the equations employed 
in the process of climination will enable us to express each 
other dependent variable by means of it. If the coefficients 
are constant we may simply separate the symbols and effect 
the climinations as if those symbols were algebraic. 


Ex. 1. Ue, — ULV, = ot 
V4,—- Tu,=0)° 

From the first we have 

Ue. —@ (2 +1) v,,, =0. 
Hence eliminating v,,, by the second 

Use —2 2 (x+1)u, = 0, 

the solution of which is 
u = |x —1 (Car +C' (—a)*}, 
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and by the first equation 


y= tet = oT ge 4. 0'(— a)". 
aa a? 
Ex. 2. Vey, F2U,4, — Ue =O 
Vey 2, Uz =O 


This may be written 
(EH —1) u,+ 2k, = 0, 
— 2u,+(£—1)v,=a’; 
. { (H—- 1)? +42) u,=— 2k’; 
or (E+ 1)? u, = — 2a*" 
This gives 


; Dx"! 
Uy, = (C+ Cx) (- 1)* — (a +1)’ 
and from the first equation 
alae ruse Ct eed) CSS ori 
Cw a? (a—-1 
. ya (O- 5 + Ca} (- 14 SED 


9. On the subject of linear equations with variable coefficients the student 
should see a remarkable paper by Christoffel (Crelle, tv. 281), in which he 
dwells on the anomalies produced by the passage through a value which 
enuses the coefficient of the first or last term to vanish. On the con- 
dition that an expression in differences should be capable of immediate 
summation, i.e. should be analogous to an exact differential, sec Minich, 
(Lortolini, Series 1. vol. 1. 321). 


EXERCISES. 


Integrate the equations 


ese — LU,,, + (2 —1) u,=sin 2, one portion of the com- 
plementary function being a constant. 


2. Usgnt + Urigeg toes FU, =O. 


3. U,= ax (u,,+4,,). 


l. wu 


4. W%,,= 2 (u, + u,_,). 
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5. Unig 2 (”—1) t,,, + (@— 1) (e—2)u,= |. 


2 
mm An 
6. Uz, Ue Ue = a 


249) +I H2) 


etl ** Xv 0. 


7. (x Be 3)" Uses 
8. Integrate the simultaneous equations 
U4, — Vz = 2m (x +1) 

Vey, Uy = — 2m (@+1)) - 


z 


9, Heat (Die =O} 
%4,+(— 1)? u,=90 
10. Vii, Uz = (L—m) & 


Wy, — Uz = (M—N) « 
Up, —W,=(n—)D ex 


se Ue t ae 


= —9y =a 
Very — Ugg, — 2Uz = OB 


12. When the solution of a non-linear equation of the 
first order is made to depend upon that of a lincar equation 
of the sccond order whose second member is 0 by assuming 


(Art. 3), shew that the two constants which appcar in the 
value of v, effectively produce only one in that of w,. 


13. The equation 


Us, (a +a”) u,,, + u,=9 
may be resolved into two equations of differences of the first 


order. 


14, Given that a particular solution of the equation 
(21) 


U,,,-~a(a°+1)u,,, +a u,=0 is u=ca* , 
deduce the general solution, and also shew that the above 
equation may be solved without the previous knowledge of a 


particular integral, 


e4+1 
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15. The equation 
Ute lois =a (uw, + Us 1 Te) 
may be integrated by assuming wu, = /a tan v,. 
16. Shew also that the general integral of the above equa- 


tion is included in that of the equation w,,, — w#, = 0, and hence 
deduce the former. 


17. Shew how to integrate the equation 
Uns Uayg H WeygWe + Ugly, = Mm’. 
18. Solve the equations 
Us, = (n—m’) v, + U,, 
V4, = (2m+1) v,+ 4,, 
and shew that if m be the integral part of J/n, t converges 


x 


as # increases to the decimal part of Pi n. 


19. If a, be a fourth proportional to a, b, c, b, a fourth 
proportional to 4, c, a, and c, to c, a, 6, and a,, b,, e, depend 
in the same manner on a,, b,, c,, find the linear equation of 
differences on which a, depends and solve it. 


20. Solve the equation 
x (a+1) Au. +k (A —2z) Au, + ku, =0. 


21. Solve the equation | w,,,, Uigs Uers 
Ursa» Usigs Vere | = C, 
Unig Unig» Wess 
considering specially the case when C is zero. 


22. If v,, %,, U%,, 


; .. be a series of quantities the succes- 
sive terms of which 


are connected by the general relation 
Unit = UU m — ¥ 


m1? 


and if v,, v, be any given quantities, find the value of v,. [S.P.] 


23. If m integers are taken at random and multiplied 
together in the denary scale, find the chance that the figure 
in the unit’s place will be 2. 
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24. Shew that a solution of the equation 
Unig Urgnig 00+ Ug =O (Uey, + Ua, $e &) 
is included in that of 


Uninet ~ Us 


= (0, 
and is consequently 
u, = Ca? + Cia” +...4+C,,a0 
where a is one of the imaginary (n + 1)" roots of unity, the 
n+ 1 constants being subject to an equation of condition. 
25. Solve the equation 


Poget AP ak el oF ae PD ee, 


n+1 n-1 3 n—-2 a n-1 
and shew that it is equivalent to 
4n—6 
fa n lig 


(Catalan, Liouville, 111. 508.] 
26. Shew that 


Ue 
Uas = = + 4 


can be satisfied by w,, = ,2,, OF U2, and that thus its solu- 
tion 18 


op 8B eT (Qe =1) , ap 204. 6c Be 
tye = Og 4.6...Gn—3) +" es ee ee 
_ 7 3.5.7... (22-1), 2.4.6... (22-2) 
Moe = C04. 6... (22) * OT $5. (2¢ —3)’ 


and deduce therefrom the solution of 


Ugyy = Uy + (a! — @) Uy, 
[Sylvester, Phil. Afag.] 
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CHAPTER XIII. 


LINEAR EQUATIONS WITH VARIABLE COEFFICIENTS. 
SYMBOLICAL AND GENERAL METHODS, 


1. THE symbolical methods for the solution of differential 
equations whether in finite terms or in series (Diff. Equations, 
Chap. XVII) are equally applicable to the solution of differ- 
ence-equations. Both classes of equations admit of the same 
symbolical form, the elementary symbols combining according 
to the same ultimate laws. And thus the only remaining 
difference is one of interpretation, and of processes founded 
upon interpretation. It is that, kind of difference which 
exists between the symbols (4) and &. 

It has been shewn that if in a linear differential equation 
we assume «= e', the equation may be reduced to the form 


t, (43) ut+f, (55) fut f, (4 eeu... +f. (5s) ey = U, 


(1), 
U being a function of 6. Moreover, the symbols s and ¢? 


obey the laws, 


f (55) cum ens (Gtm)u 


f (Sp) e=s (mm) 


And hence it has been shewn to be possible, 1st, to express 
the solution of (1) in series, 2ndly, to effect by general 
theorems the most important transformations upon which 
finite integration depends, 


(2). 
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Now £ and e are the equivalents of a aa and &, and it is 


proposed to develope in this chapter the corresponding theory 
of cdifference-equations founded upon the analogous employ- 


ment of the symbols x AG and x, supposing Ax arbitrary, and 
therefore 


Ad (a) = $ (w+ An) — $ (2), 
Bp (2) = ¢ (n+ Az). 
Pror. 1. Ifthe symbols w and p be defined by the equations 
A 
w= 05, p=ak (3), 
they will obey the laws 
F(a) gun pf (n+ m) ah 
F (7) p™ =f (m) p™ 
the subject of operation in the second theorem being unity. 
Ist. Let Az =r, and first let usconsider the interpretation 
of p™u,. 
Now pu, = chu, = Ug, 3 
. PUs = PUUy, = 2 (2 +7) U,,5,5 
whence generally 
p™u,=a2(x+7r)... {e+ (m—1)r} uy,» 
an equation to which we may also give the form 
p™u,= «2 (a+r)... {e+(m—1)r} Eu, (5). 


If u, =1, then, since u,,.=1, we have 


p"l=a (@+r)... {e+ (m—1)7}, 

to which we shall give the form 
p"=a(at+nr)... {e+ (m—1)zI, 

the subject 1 being understood. 
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2ndly. Consider now the series of expressions 
TP Ug, THO Ue, oes TP Ue 


Now 
mn A 
Tp U, =2 A (a+ 7) vee [2+ (m —1) 7} Uy, 
wep HHT) + MP) Unger +» {2+ (mM —1) rh tte, ny 
r 
(a + mr) Uses tar iw BU, ny 


=2...{e+(m—1) 7} = 


=O... f+ (ma — 1) 7} om Dteee 7H) Me 


m — (x—- z 
a LU, — (x HUE) Us 30) 


y} 


p™ (= Mee + mu,) 


n{. 
Pp (2 Age” + mu,) 


= p™ (r+) u, 


Hence 
Tp, =mp™ (7+ M) Us 
=p” (7 + M) "Ug; 
and generally 
TU, a p™ (ar + m)"u, 
Therefore supposing f (a) a function expressible in ascend- 
ing powers of zr, we have 


f (ar) plu = pf mr +m) w (6), 
which is the first of the theorems in question. 
Again, supposing w= 1, we have 
f (m) p™1 = p*f(r-+m)1 


=e" f(m) +f (m) 4 


) 
ar® 4 ss 
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But rl =2 a 1=0, 1=0, ..., Therefore 


A 
F (a) p™1 = p"f (m) 1. 
Or, omitting but leaving understood the subject unity, 


SF (1) p™ =f (m) p™ (7). 


Prop. 2. Adopting the previous definitions of wr and p, 
every linear difference-equation admits of symbolical expres- 
sion in the form 


to (77) U, +f, (17) pu, aa (77) pu, ae are (17) pu, a xX (8). 
The above proposition is true irrespectively of the parti- 


cular value of Az, but the only cases which it is of any im- 
portance to consider are those in which Az = 1 and —1. 


First suppose the given difference-equation to be 
X Mein + XyUrrsnas 0+ + Ayths = b (2) (9). 
Here it is most convenient to assume Az =1 in the expres- 
sions of 7 and p. Now multiplying each side of (9) by 
a(a+1)...(7+n-—1), 
and observing that by (5) 
CU... =pu,, @(@+1)uU,,,=p Ue, ...; 
we shall have a result of the form 
y(t) 1, + $, (2) ply. +b, (2) pl, =, (2) (10). 


But since Az =1, 


aw=xA, p=ak 
=2A+ 2. 
Hence 
c=— 7 +p, 


and therefore 


dg, (a) =h,(—4+p), $, (2) =$,(—T +p), «.-. 


These must be expressed in ascending powers of p, regard 
being paid to the law expressed by the first equation of (4). 
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The general theorem for this purpose, though its applica- 
tion can seldom be needed, is 


F, (wp) = F,(m) —F, (n) p+ F,(m) 3 
— Fy (m) 2st .. (11), 


where fF’ (zr), Fi (7), ..., are formed by the law 
c (77) a : (77) SoH ei (zr — 1). 
(Diff. Equations, p. 439.) 
The equation (10) then assumes after reduction the form (8). 
Secondly, suppose the given difference-cquation presented 
in the form 
Xie +X eg ee + XU, = X (12). 


Here it is most convenient to assume Az =—1 in the ex- 
pression of a and p. 


Now multiplying (12) by #(«—1)...(e—n+1), and ob- 

serving that by (5) 
TU, =pu,, @(e—-1) u,, = pug, 5 
the equation becomes 
Po (x) Uy + ®, (z) pu, reef p, (x) p"u, = Xx; 
but in this case as is easily seen we have 
L=7 +p, 

whence, developing the coefficients, if necessary, by the theo- 
rem 


F, (+p) =F, (a) +F, (m) p+ Fy(m) Pat. (13), 


where as before 
F. (77) = y yee (zr) oe | (3 aS 1), 
we have again on reduction an equation of the form (8). 
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2. It is not always necessary in applying the above 
methods of reduction to multiply the given equation by a 


factor of the form 
e(%a+1)...(e+n—1), or x(~—1)...(a@—n-+]), 


to prepare it for the introduction of p. It may be that the 
constitution of the original coefficients X,, X,... X,, 1s such as 
to render this multiplication unnecessary; or the requisite 
factors may be introduced in another way. Thus resuming 
the general equation 


KX gUlg +X {Up ooo + NXg lle, = 0. (14), 
assume 
ee Us 
cee ee ee 
We find 


X Uz + X ,LU,_, +. + X,0 (@—-1)... (2 —n4+ 1) v,_,=0 (15). 
Hence assuming 
A 
T= aye » p= wk, 
where Az = — 1, we have 
KX Vz + A ,pPvze 0+ $A q_P'Vz = 0 (16), 


and it only remains to substitute w+ p for x and develope the 
coefficients by (13). 


3. A preliminary transformation which is often useful 
consists in assuming u,= pv. This converts the equation 


Xu, + Xj, 0. + XqUe, = 9 (17) 
into 
PX Ve + WX Ug, 0 Aye, = 0 (18), 


putting us in possession of a disposable constant yp. 


4. When the given difference-equation is expressed i- 
rectly in the form 


XX, A'u + XA we... + XU=0 (19), 
it may be convenient to apply the following theorem. 
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Tcéren.. Usa, pHen, then 


Ax 
a(a4—1)...(7—n+1)u=a (x + Az)... 
{x-+(n—1) Az} (— yu (20). 


To prove this we observe that since 
F (mr) p'u=p°F (m +n) 4, 
therefore EF (r+n)u=p "fF (mr) pu, 
whence F (47 —n)u=p"F (1m) p “u. 


Now reversing the order of the factors 7, 7 —1,...r—-n+1 
in the first member of (20), and applying the abies theorem 
to each factor separately, we have 

(7 —n+1) (r—- a 


—n+1 n-2 


=p" rp” p" rp ™™ ... Tu 
=p” (p ‘m)"u. 
os Lata, A_ —1 
But p'r=(eE)'2 , = Exe = E a 


. (r—n+1) a st 


x 


open (A\" 
= pei tE 


But p"u=a2 (a+r)... {a+ (n—1)r} Hu, whence 
(w—n+1) (r—n4+2)... ru=a(aetr)... {e+(n—l1)r} Cake 
which, since r = Az, agrees with (20). 

When Az = 1, the above gives 
a (w4—1)...(r—-n+1)=2 (e@+1)...(@+n—1)A" (21). 

Hence, resuming (19), multiplying both sides by 

a(x+1)...(@+n—1), 
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and transforming, we have a result of the form 
dh, (x) mw (w—1)...(r—n+1)u 

+ h, (2) mw (ar—1)... (w—n+ 2) w+... =0. 


It only remains then to substitute 2 = — m + p, develope the 
coefficients, and effect the proper reductions. 


Solution of Linear Difference-Equations in series. 


5. Supposing the second member 0, let the given equation 
be reduced to the form 


fom) U+f,(m) putf,(m) piu... +f,(m)p'u=0 (22), 
and assume u=2a_p”. Then substituting, we have 
S fo (7) dnp" +f, (a) dp... + fi (17) Onp™} =O, 
whence, by the second equation of (4), 
= {f, (m) anp” +f, (m+1) ap" ... +h (m+n) a_p™*"} = 0, 
in which the aggregate coefficient of p” equated to 0 gives 
Fy (m)a,, +f, (m) a, -- +f, (m) dn_, = 9 (23). 


This, then, is the relation connecting the successive values 
of a,, The lowest value of m, corresponding to which a,, 1s 
arbitrary, will be determined by the equation 


and there will thus be as many values of u expressed in series 
as the equation has roots. 


If in the expression of a and p we assume Az= 1, then 
since 
p™ 2a (a+1)...(e+m—1) (24), 
16—2 


244 LINEAR EQUATIONS [CH. XIII. 


the series Xa,” will be expressed in ascending factorials of 
the above form. But if in expressing 7 and p we assume 
Az = — 1, then since 


p™=a(x—1)...(2—m+1) (25), 


the series will be expressed in factorials of the latter form. 


Ex, 1. Given 
(a a) uy — (20 —a—1) uy, + (1 — 9g") (@—1) 4,4 = 03 
required the value of u, in descending factorials. 
Multiplying by 2, and assuming 7 =a — , p =x, where 
Az=—1, we have 


a(t — a) u, — (22 —a—1) pu, + (1 — 77’) pM, = 0, 


whence, substituting ++ p for x, developing by (13), and 
reducing, 
q (7 —a) U, — op, = 0, (a). 


es m 
Hence Ub, = ZO_p”, 
the initial values of a,, corresponding to m=0 and m=a 


being arbitrary, and the succeeding ones determined by the 


law 
m (m—) On — Pn, = 0. 


Thus we have for the compiete solution 


= i kia ka 
oa ofl +3 (g-a)°2.4.(2—a (4—a)* “ 
; a gas gai 
sigs fe +e Ota) *HaGtradta ts ©. 


It may be observed that the above difference-cquation 
might be so prepared that the complete solution should admit 
of expression in finite series. For assuming u, = u*v,, and 
then transforming as before, we find 
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pia (7 — a) Ug + (mi — jp) (2a —a —1) pr, 
+{(4—-1)'—9'} p'v, = 0 (c), 
which becomes binomial if «= 1+ q, thus giving 


m (a =a) y+ 2 (2 — a ~1) po, = 0. 


Hence we have for either value of p, 
Ug = SP" = WLU ge (e—1)... (2 —m+1) (d), 


the initial value of m being 0 or a, and all succeeding values 
determined by the law 


Mm (m ~ 0) y+ # = (2m—a~1)Oq,=0 (e). 


It follows from this that the series in which the initial valuc 
of m is 0 terminates when a is a positive odd number, an:l the 
series in which the initial value of m is a terminates when a 
is a negative odd number. Inasmuch however as there are 
two values of w, either series, by giving to # both values in 
succession, puts uS in possession of the ‘complete integral. 


Thus in the particular case in which @ 1s a positive odd 
number we find 


u CQ +q"4{1 - ale Soe 


Fears 


Tas? 1.2(1—a) (2—2@) 
; q (l-ajz 
_F _ (l-a)(8—a)a” | 
Ti+ q)' 1.2 (1 —a) (8—a) + C 


The above results may be compared with those of p. 454 of 
Differential Equations. 
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Finite solution of Difference-Equations. 


6. The simplest case which presents itself is when the 
symbolical equation (8) is monomial, i.e. of the form 


So(w)u=X (26). 
u={f (myx (27). 
Resolving then { f, (ar)}" as if it were a rational algebraic 


fraction, the complete value of w will be presented in a series 
of terms of the form 


We have thus 


A (37 —a)* X. 
But by (4) we have 
(3 —a)* X = p* (1) pp? X (28). 
It will suffice to examine in detail the case in which Az = 1 
in the expression of a and p. 
To interpret the second member of (28) we have then 
p* (x) =a (2+1) ... (2 t+a—1) 6 (+a), 
60) eres BFA 
ar' (2) = (eA) “9 (2) 
Ee ... f(x); 


the complex operation ee , denoting division of the subject 


by z and subsequent integration, being repeated ¢ times. 


Should X however be rational and integral it suffices to 
express it in factorials of the forms 


x, «(@+1), | a (v+1) (w+ 2), ... 
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to replace these by p, p’, p’, ... and then interpret (27) at 
once by the theorem 


1, (m)}* p™ = {f, (m)}* p™ 
={f,(m)}* a (@+1)...(e+m—1) (29). 


As to the complementary function it is apparent from (28) 
that we have 


(7 —a)*0 = p*ar' 0. 
Hence in particular if 2 = 1, we find 
(a7 — a)* 0 = p*r"* 0 

= p*i2" 0 

= Cp* 

= Cx (2+1) ... (@+a—1) (30). 
This method enables us to solve any equation of the form 
x (a+1)...(@+n—1) A'ut+ Az (x4+1)... 

(a +n—2)A™ uw... +A,u=X...... (31). 


For symbolically expressed any such equation leads to the 
monomial form 


{or (77 —1)... (7 —n+1) + Ayr (7 —1)... 
..(r—n+2)...¢ A pu=X (32). 
Ex, 2. Given 
a (2 +1) A’u—2eAu+ 2u =a (a +1) (7+ 2). 
The symbolical form of this equation is 
ow (a —1) u— 2rut 2u= 2 (e+ 1) (7 + 2) (a), 
or (ar* — 3a + 2) u = pr. 
Hence u=(n' — 3 +2)" p® 
= (3?—3 x 3+2)"p° 
+ Cp" + Cyp, 
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since the factors of 7* — 37 +2 are r—-2anda7—1. Thus 
we have 


ua ZEt VCP) oat +Ce ©). 


Binomial Equations. 


7. Let us next suppose the given equation binomial and 
therefore susceptible of reduction to the form 


w+ (m) ptu=U (33), 


in which UJ is a known, wv the unknown and sought function 
of The possibility of finite solution will depend upon the 
form of the function ¢ (7), and its theory will consist of two 
parts, the first relating to the conditions under which the 
equation is directly resolvable into equations of the first 
order, the second to the laws of the transformations by which 
equations not obeying those conditions may when possible be 
reduced to equations obeying those conditions. 


As to the first point it may be observed that if the equa- 
tion be 


1 


it will, on reduction to the ordinary form, be integrable as 
an equation of the first order. 


Again, if in (33) we have 


f (ar) = (ar) fp (a —1) ... a (rw —n +1), 
in which + (7) = = , the equation will be resolvable into 
a system of equations of the first order. This depends upon 
the general theorem that the equation 


w+ a,d (m) put agp (mr) $ (1) pu... 
+ a,h (1) b (7 —1)... 6 (r—n+1) pu= U 
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may be resolved into a system of equations, of the form 
u— gd (7) pu=U, 
q being a root of the equation 
gq’ +a,q"*+4,9""...+a,=09. 
(Differential Equations, p. 405.) 


Upon the same principle of formal analogy the propositions 
upon which the transformation of differential equations de- 
pends (Jb. pp. 408-9) might be adopted here with the mere 
substitution of a and p for # and e®. But we prefer to in- 
vestigate what may perhaps be considered as the most general 
forms of the theorems upon which these propositions rest. 


From the binomial equation (33), expressed in the form 
{1+ $ (x) pt}u=U, 
u={L+ (mr) p"}" U, 
and this is a particular case of the more general form, 


u=F {p () p"} U (35). 


we have 


Thus the unknown function w is to be determined from the 
known function U by the performance of a particular operation 
of which the general type 1s 


F {¢ (7) p%}. 


Now suppose the given equations transformed by some 
process into a new but integrable binomial form, 


v+p (7) pv = V, 
V being here the given and v the sought function of z We 
have 
v= {1+ (7) p"}" V, 


which is a particular case of F'{y (77) p"} V, supposing £’(¢) to 
denote a function developable by Maclaurin’s theorem. It is 
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apparent therefore that the theory of this transformation must 
depend upon the theory of the connexion of the forms, 


F {gh (7) p"}, F {yh (17) p*}. 


Let then the following inquiry be proposed. Given the 
forms of $ (7) and (7), is it possible to determine an 
operation y (7) such that we shall have generally 


Pip (m) p"'\x(r) X=X(w) Liv (wr) pp" X — (36), 
irrespectively of the form of X ? 


Supposing J’ (t) =¢, we have to satisfy 
(7) p"x (mr) X = x (mr) (m7) p"X (37). 
Hence by the first equation of (4), 
p (7) x (7 — n) p"X =H (7) x (77) p"X, 
. een which, independently of the form of X, we must 
Ye (mr) x (7) = $ (mr) x (7 — 0) 5 


ay 8 On 
xX (7) = sp (a) * | ). 


Therefore solving the above difference-equation, 


x=, 
Substituting in (37), there results, 


son. GO} can, yee 


or, replacing IT, oa mel Xby X,, 


and therefore X by |T. (ea | x ss 


$ (7) ot X= 11, EOE om) [TL et | Xe 
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If for brevity we represent II at at by P, and drop the 

suffix from X, since the function is arbitrary, we have 
(77) p"X = Pap (77) p*P"X., 
Hence therefore 
{ (zr) p"}'X = Pap (rr) p"P"Prp (rr) p"P7*X 
= Pip (17) p"¥P7X, 
and continuing the process, 
{op (m) p'}"X= P {yp (a) pyPAN. 


Supposing therefore # (¢) to denote any function develop- 
able by Maclaurin’s theorem, we have 


F {p (or) p"| X= PF (p(w) p"} P°X. 


We thus arrive at the following theorem. 
THEOREM. The symbols w and p combining in subjection 


to the law 
S (7) px = put (aw + m) AG 


the members of the following equation are synibolically equi- 
valent, viz. 


F (p(n) p=, {EI Fie m) pT (88), 


A. From this theorem it follows, in particular, that we 
can always convert the equation 


u+¢ (7) p"u= 0 


into any other binomial form, 


ot y(n) pv, OOF V, 


by assuming vu =I, hee v. 
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For we have 
u= {1+ (7) py" UO 
=H, | {1+ (m) py", aed U, 
whence since 
v= [1+ (mr) py V, 
it follows that we must have 
T T 
yan, ey, wan {oy 
In applying the above theorem, it is of course neccssary 
that the functions ¢ (7) and (mr) be so related that the 
continied product denoted by IIT, | should be finite. 


The conditions relating to the introduction of arbitrary con- 
stants have been stated with sufficient fulness clsewhere 
(Differential Aquations, Chap. xvi. Art. 4). 


B. The reader will casily demonstrate also the following 
theorem, viz. : 


F ih (=) p"} X = p"F {dh (w +m) p"} p™X, 
and deduce hence the consequence that the equation 


u+ ¢ (1) ppu= U 
may be converted into 


u+ $ (r+) p*v=p™ U, 
by assuming wu = p™~ 


8, These theorems are in the following sections applicd to 
the solution, or rather to the discovery of the conditions of 
finite solution, of certain classes of equations of considcrable 
generality. In the first example the second member of the 
given equation is supposed to be any function of x In the 
two others it is supposed to be 0. But the conditions of 
finite solution, if by this be meant the reduction of the dis- 
covery of the unknown quantity to the performance of a finite 


ART. 8.] WITH VARIABLE COEFFICIENTS. 253 


number of operations of the kind denoted by &, will be the 
same in the one case as in the other. It is however to be 
observed, that when the second member is 0, a finite integral 
may be frequently obtained by the process for solutions in 
series developed in Art. 5, while if the second member be X, 
it is almost always necessary to have recourse to the trans- 
formations of Art. 7, 


Discussion of the equation 
(ax +b) Ue (08 +6) ty yt (fO+9) Ueg=X (a). 


Consider first the equation 
(az +b) u,+(cate)u,,t+f(e-l1)u,=X (0). 
Let wu, =p v,, then, substituting, we have 


yw? (ax +b) vo, +m (cet) +f (e—1) v= ern. 


Multiply by # and assume 7 =a + , p=axF, in which 
Aw =-—1, then 
pw? (az + bx) v, + yo (cu + €) pv, +fp'v, = a" X, 


whence, substituting «+ for # and developing the coeffi- 
cients, we find 


yw? (am* + br) v, + pw {(2apy +c) w+ (6-4) +e} pr, 

+ (ap" + cut f) piv, = a" X (c), 
and we shall now seck to determine p so as to reduce this 
equation to a binomial form. 

Ist. Let ~ be determined by the condition 


ap? +cu+f=0, 
then making 
Qaut+c=A, (b-—a)pte=B, 
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we have 

a w(n+2)y +4(r+3) v, = on 1X 

ad a 4 A PUx | od 3 
or 

B 
A ™t] 1 a es 
C+ EER =-—— m (m+ Zp X, 
m a 


or, supposing V to be any particular value of the second 
member obtained by Art. 6, for it is not necessary at this 
stage to introduce an arbitrary constant, 


v, = V (d). 


This equation can be integrated when either of the func- 
tions, 


B Bb 
A’ A a’ 
is aninteger. In the former case we should assume 


W, git ad pw, = W, (e), 
te 
a 


whence we should have by (A), 


(=) 
U, = Il, dae © Wes We = IT, (72) (f). 
To; 


A 
In the latter case we should assume as the transformed 
equation 


Al 
Ww, ere pu, = W, (9) 
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and should find 
B 


Tt +e 
v, =I, mae Wy» W,= IU, ame, V (h). 
T + T+ 


a : A 
The value of W, obtained from (f/f) or (A) is to be sub- 
stituted in (e) or (g), w, then found by integration, and », 
determined by (f) or (). One arbitrary constant will be 
introduced in the integration for w,, and the other will be 
due cither to the previous process for determining W,, or to 
the subsequent one for determining v,. 


Thus in the particular case in which q 38 & positive inte- 


ger, we should have 


W, = \(w +3) (x $3 -1) 0. (et nto, 


a particular value of which, derived from the interpretation 


1 
of (7 + a) 0 and involving an arbitrary constant, will be 


A 
found to be ae Substituting in (e) and reducing the 


equation to the ordinary unsymbolical form, we have 


p (aa + 6) w, + (A — pa) ow, = 75h 


and w, being hence found, we have 


B B 
v= (7 +3) ("+5 = 1) ean (7 + 1) w, 
for the complete integral. 


2ndly. Let « be determined so as if possible to cause the 
second term of (c) to vanish. This requires that we have 


Zap +c = 0, 
(b—a)pt+e=0, 
and therefore imposes the condition 
2Qae + (b—a)c=0. 
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Supposing this satisfied, we obtain, on making p= =. 
2 
Vz = a aN p's = 5 ope AX ; 
— g — 
a(r+2) pin (mw +2) 


or, representing any particular value of the second member 
by PV, : 
h 


n(3+2) 
a 


Cc 


Up — p'Us = V, 


where 


an equation which is integrable if ° be an odd number whe- 


ther positive or negative. We must in such case assume 
2 


a 2 — 
Wz 7 (or — 1) p wv; W,, 
and determine first W, and lastly v, by A. 


To found upon these results the conditions of solution of 
the general equation (a), viz. 


(az +8) thy + (08+ €) Ugg + (f0 +9) eg = X, 


assume 
fe +g=f (x —1), 
U, = b. 
Then 
1l+g9 
ax +b—a =) t. 
( 7 


+ (cx +e- 0232) ty +f (a -1)t,,=X, 


comparing which with (4) we see that it is only necessary in 
the expression of the conditions already deduced to change 


b into p-SEF9), e into eo) 
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Solution of the above equation when X=0 by definite 
entegrals*™, 


9. If representing u, by wu we express (a) in the form 


iat ~of 
(ax+b)ut(ca+tele @ut+(fet+g)e dt y = 0, 
or 


_& _9@ mJ uo & 
a (ace a4 fe *a)u+(b+ec #+4 ge %#)u=0, 


its solution in definite integrals may be obtained by Laplace’s 
method for differential equations of the form 


xt (Z)u+¥ ({) v0 


each particular integral of which is of the form 


(t) 
Pid + $0 at 


——-— at 

P(t) 
the limits of the final integration being any roots of the 
equation 


) J 


AG) 
ft lso% = 0, 
See Differential Equations, Chap. XVII. 


The above solution is obtained by assuming u = fe” f (£) dt, 
and then by substitution in the given equation and reduction 
obtaining a differential equation for determining the form of 
f (), and an algebraic equation for determining the limits. 
Laplace actually makes the assumption 

u= fF (é) dt, 

which differs from the above only in that log? takes the 
place of ¢ and of course leads to equivalent results (Théorte 
Analytique des Probabilités, pp. 121, 135). And he employs 
this method with a view not so much to the solution of 
difficult cquations as to the expression of solutions in forms 
convenient for calculation when functions of large numbers 
are involved. 


* See also a paper by Thom (Zeitschrift, xrv. 349). 
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Thus taking his first example, viz. 
Ura, (x + 1) U, = 0, 
and assuming wu, = f tl" (t) dt, we have 
fer F@ dt—(«#+1) fer (é) dt=0 (2). 


Bu 
: (c+1) fF (t) dt=f F(t) (a@+1) dt 


= F(t) — fel’ (6) dt. 
So that (Z) becomes on substitution 
SOU {F +f" ()} dt—- FF" =0, 
and furnishes the two equations 
F') + F(t) =9, 
F(t)?" =0, 


the first of which gives 
T(t) =Ce“, 


and thus reducing the second to the form 
Ce put _ 0, 


gives for the limits ¢ = 0 and t= 0, on the assumption that 
x-+-1 1s positive. Thus we have finally 


u,=C | e t'dt, 


the well-known expression for  (#+1). A peculiar method 
of integration is then applied to convert the above definite 
integral into a rapidly convergent series. 
Discussion of the equation 
(an" + bx +) uz + (ex +f) uy, + Ge» = 0 (a). 
eee eee 
10. Let al Oe then 
pe" (aa? + be + ¢) Vy + weet f) av, +g" (@—1) v,_, = 0. 
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Whence, assuming a =z — , v=axE, where Ax =—1, we 


have 
pe (ast® + ba +c) vg +p (ex +f) po, + gp, = 0. 


Therefore substituting m+ p for 2, and develdping by (13), 
pe an" + br +c) + pw {(2ap +e) r+ (b—a) w+} pr, 
+ (ua + pe +9) p*v, = 0 (b). 
First, let ~ be determined so as to satisfy the equation 
a +eutg=0, 
then 
pe (ar* + bar +) v, + {(2apu + ¢) w+ (6—a) +f} pv, = 0. 
Whence, by Art. 5, 
v,=2a,@ (w@—1)...(e—m-+1), 
the successive values of a, being determined by the equation 
Bt (ara! + bn + 0) dg + {(2ap" + ep) m+ b—a) p+ fat} Oy 4 = 0, 


(Qap +e) m+(b—a)pt+f 
me SN |, 
pp (am? + bm + c) i 


or 
Represent this equation in the form 
Cg, = — f(T) Ons 
and let the roots of the equation 
am’ +bm+c=0 
be a and B, then 
v, = Ofa —f(a+ 1) 28t? + f(at1)f (at 2) cet? —...} 
+ O' {x —f(B+1) oP +f(B+1)f (B+ 2)aP—...}  (o); 
where generally 
wo?) = ¢(e—1)... (w—p +l). 
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One of these series will terminate whenever the value of m 
given by the equation 
(Qap+e)m+(b—a)wt+f=0 
exceeds by an integer either root of the equation 
am' + bm+c=0. 
The solution may then be completed as in the last example. 


Secondly, let 44 be determined if possible so as to cause the 
second term of (5) to vanish. This gives 


Zap +e=0, 


(b—a) n+ f=9, 
whence, eliminating p, we have the condition 
2af+ (a —b)e=0. 
This being satisfied, and mw being assumed equal to 


e 
are (b) becomes 


2 — 
(an* + br +c) v,— afc — *a9) pv, = 0. 


h= V (e* — 4aq) 


Or putting : ; 


h? 
Ye pe Pits =O 


and is integrable in finite terms if the roots of the equation 


m+em+%=0 
a a 


differ by an odd number. 


Discussion of the equation 
(aa? + ba +c) A*u, + (ex +f) Au, + gu, = 0. 


11. By resolution of its coefficients this equation is reduci- 
ble to the form 


a (a—a) (a@— f) Au, t+e(r@~—y) Au, +gu,=0 (a). 
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Now let g--a=2' +1 and u,=v,, then we have 
a(e+1)(e+a—8+1) A, 
+e(x +a—y7+1) Avy +gvy =0, 
or, dropping the accent, 
a(@+1)(#+a—B+1) A’, 
+e(e+a—y+1) Av,+gv,=0 (0d). 
If from the solution of this equation v, be obtained, the 


value of u, will thence be deduced by merely changing « 
into #z—a—1. 


Now multiply (6) by z, and assume 
T= % s p=ah, 


where Ax =1. Then, since by (20), 
x (@ +1) A*v, = 3 (7 —1) 2,, 
we have 
a(a+a—B8+1)7(mr—1)v, 
+e(x+a—y4+1) wv,+ gu, =0. 
But « =—-+ p, therefore substituting, and developing the 
coefficients we have on reduction 
w{a(r—a+B—1)(r7—1)+e(r—at+y—1)+ 9}, 
— {a (w—1)(r—2) + e(m—1) +9} pv,=0 (0). 
And this is a binomial equation whose solutions in series 
are of the form 
U, = Daye (2 +1)...(a+m—1), 
the lowest valuc of m being a root of the equation 
m{a(m—a+ B—1)(m—1)+e(m—aty—1)+g}=0 (d), 
corresponding to which value a,, is an arbitrary constant, 
while all succeeding values of a, are determined by the law 
a(m—1)(m—2)+e(m—1)+ 9 


—_ 
ee eee 


Om m {a(m—a+B—1)(m—1)+e(m—aty—1) +g} 
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Hence the series terminates when a root of the equation 
a (m—1) (m—2)+e(m—1)+g=0 (e) 
is equal to, or exceeds by an integer, a root of the equation (d). 
As a particular root of the latter equation is 0, a particular 
finite solution may therefore always be obtained when (e) 1s 
satisfied either by a vanishing or by a positive integral value 
of m. 


12. The general theorem expressed by (38) admits of the 
following generalization, it 


EF Sor, & (7) p*| =I n, ($1 ) Fin, v yr, (E12). 
The ground of this eae is that the symbol zr, which 
is here newly introduced under F, combines with the same 

o(7)\ oy (Vm) 
symbol 7 inthecomposition of the forms II, $())? eal. oa) 
external to F’, as if 7 were algebraic. 

And this enables us to transform some classes of equations 
which are not binomial. Thus the solution of the equation 


So (™) w+f, (1) $ (mr) pu tf, (m7) > (7)  (w@—1) pru=U 
will be made to depend upon that of the equation 
40) y 


Flt) o+-f, (0) V(r) pv +f, (1) 4 (or) v (r—D) p'v =I, ( ee 
by the assumption a 
—y (Pit 
ual (TG)® 


13. While those transformations and reductions which 
depend upon the fundamental laws connecting 7 and p, and are 
expressed by (4), are common in their application to differen- 
tial equations and to difference-equations, a marked difference 
exists between the two classes of equations as respects the 
conditions of finite solution. In differential equations where 


T= p=e, there appear to be three primary integrable 
forms for binomial equations, viz. 


amr +b 
Ut orte? u= U, 
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St 2 
ye AED wy 


“e-3 
ett 


gaa a la 


primary in the sense implied by the fact that every binomial 
equation, whatsoever its order, which admits of finite solution, 
is reducible to some one of the above forms by the trans- 
formations of Art. 7, founded upon the formal laws connecting 
m7 and p. In difference-cquations but one primary integrable 
form for binomial equations is at present known, viz. 


U+ 


and this is but a particular case of the first of the above 
forms for differential equations. General considerations hike 
these may serve to indicate the path of future inquiry. 


14. Many attempts have been made to accomplish the general solution 
of linear difference-equations with variable coefficients, but the results are 
in all cases so complicated as to be practically useless. It will be sufficient if 
we mention Spitzer (Grunert, xxxu1. and xxxu1.) on the class specially consi- 
dered in this chapter, viz. when the coefficicnts are rational integral functions 
of the independent variable, Libri (Crelle, x11. 234), Binet (Mémoires de 
Académie des Sciences, x1x.). There is also a bricf solution by Zehfuss 
(Zeitschrift, 11. 177). 


EXERCISES. 
1. Of what theorem in the Differential Calculus does (20), 
Art. 4, constitute a generalization ? 
2. Solve the equation 
x (a+1) A’u+vhu— n’u = 0. 


3. Solve by the methods of Art. 7 the difference-equation 
of Ex. 1, Art. 5, supposing a to be a positive odd number. 


4. Solve by the same methods the same equation, sup- 
posing @ to be a negative odd number. 
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CHAPTER XIV. 
MIXED AND PARTIAL DIFFERENCE-EQUATIONS. 


1. IFu,, be any function of 2 and y, then 


A u _, Mayday — Uxy 
A U — U,, g+Ay ae Uzy 


These are, properly speaking, the coefficients of partial dif- 
ferences of the first order of u,,. But on the assumption 
that Az and Ay are each equal to unity, an assumption which 
we can always legitimate, Chap. 1. Art. 2, the above are the 
partial differences of the first order of wu, ,. 


On the same assumption the general form of a partial dif- 
ference of u, , 18 


Gar tayte (a) (a5) me 


When the form of u,,, is given, this expression is to be inter- 
preted by performing the successive operations indicated, each 
elementary operation being of the kind indicated in (1). 


Thus we shall find 
A? 


Aa Ay Uny = Unseaz, Ay~ QWs rrnyray + Us ysoay : 


It is evident that the operations = and = in combination 
Az Ay 


are commutative. 
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: A . d 
A = < 
| gain, the symbolical expression of Az im terms of os 
being 
A &z—] 
Az Az @), 
in which Az is an absolute constant, it follows that 


a 
dz cee 


nds in-ac® , % (X—1) ta-naz 
Ay az — NE cia aes BA ae € 
(xs) 7 (Az)" 
and therefore 


A n 
(as) Un y = {tenses ~ Wey, (n-aAzy 


n(n—1 n 
+ o vn Q ) Ugs (na) Az,y ~ eee = (Ax) (4). 
So, also, to express (=) (<) it would be necessary 
athe Az Ay/ ** 


to substitute for their symbolical expressions, to 


Ag? hy 
effect their symbolical expansions by the binomial theorem, 
and then to perform the final operations on the subject func- 


tion uw, ,. 


Though in what follows each increment of an independent 
variable will be supposed equal to unity, it will still be 
necessary to retain the notation hae Te for the sake of dis- 
tinction, or to substitute some notation equivalent by defi- 
nition, e.g. A,, A). 

These things premised, we may define a partial difference- 
equation as an equation expressing an algebraic relation 
between any partial differences of a function u, ,,_, the func- 
tion itself, and the independent variables a, y, 2... Or in- 
stead of the partial differences of the dependent function, its 
successive values corresponding to successive states of incre- 
ment of the independent variables may be involved. 
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A A 
Thus © Uy TY Ay Uz, =O, 
and TU sys F YUbs, yay — (+ Y) Us,y =O, 


are, on the hypothesis of Aw and Ay being each equal to 
unity, different but equivalent forms of the same partial 
difference-equation. 


Mixed difference-equations are those in which the subject 
function is presented as modified both by operations of the 
and by operations of the form 2 singly 


du’? dy’ 


form 4 = 
Ax’ Ay’ 
or 1n succession. Thus 


A d 
ee ny + 7 dy “= 0 


is a mixed difference-equation. Upon the obvious subordi- 
nate distinction of ordinary mixed difference-equations and 
partial mixed difference-equations it is unnecessary to enter. 


Partial Difference-equations. 


2. When there are two independent variables 2 and y, 
while the coefficients are constant and the second member 1s 
0, the proposed equation may be presented, according to con- 
venience, in any of the forms 


F(A,, 4,)u=0, F(E,, E,.) w=0, 
F(A,, E) u=0, F(E,, A, u=0. 


Now the symbol of operation relating to a, viz. A, or £,, 
combines with that relating to y, viz. A, or &,, as a constant 
with a constant. Hence a symbolical solution will be ob- 
tained by replacing one of the symbols by a constant quan- 
tity a, integrating the ordinary difference-equation which 
results, replacing a by the symbol in whose place it stands, 
and the arbitrary constant by an arbitrary function of the 
independent variable to which that symbol has reference. 
This arbitrary function must follow the expression which 
contains the symbol corresponding to a. 
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The condition last mentioned is founded upon the inter- 
pretation of (#—a)*X, upon which the solution of ordi- 
nary difference-equations with constant coefficients is ulti- 
mately dependent. For (Chap. x1. Art. 11) 


(EB —a)*X = a? *Sa*X, 
whence 
(LE —a)'0=a"'2'0 
SG (CC we GC); 
the constants following the factor involving a. 
The difficulty of the solution is thus reduced to the diffi- 
culty of interpreting the symbolical result. 


Ex. 1. Thus the solution of the equation u,,,—- au, =0, of 


which the symbolical form 1s 


m+4 


Kyu, — au, = 9, 
being ; 
U, = Cu", 


the solution of the equation w,,,,— %z,y.,= 0, of which the 
symbolic form is 

Ee y — Ley =9%; 

tzy = (Z)° $ &). 

To interpret this we observe that since H, = e” we have 
d 
Uy =€ “ h (y) 
= $ (y +2). 


Ex, 2. Given ty.1 yer — Ue yar — Uny = 9. 


will be 


This equation, on putting wu for u,,, may be presented in 
the torm 


EL Aw- w=, (1). 
Now replacing £, by a, the solution of the equation 
aA,u—u=90 


is u=(l+a’)*C, 
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therefore the solution of (1) is 
u= (1+ 4,7)" $y) (2), 


where ¢ (y) is an arbitrary function of y. Now, developing 
the binomial, and applying the theorem 


Ey" $y) =%$ (y—n), 
we find 
x (x — 1) 


u=(y) +ad (y-1)+—F-a-o(y—-2) +... (3), 


which is finite when x is an integer. 


Or, expressing (2) in the form 
u= (Hh, +1)" 4," $(y), 


developing the binomial in ascending powers of Z,, and in- 
terpreting, we have 


w= oh (y—x) +x (y -2+1) 
+2 GH“) $242) 4. (4). 


Or, treating the given equation as an ordinary difference- 
equation in which y is the independent variable, we find as 
the solution 

u=(A,)7 > (2) (5). 


Any of these three forms may be used according to the 
requirements of the problem. 


Thus if it were required that when 7=0, wu should assume 
the form e”’, it would be best to employ (3) or to revert to 
(2) which gives ¢ (y) =e”, whence 


w= (1 + Evy ee” 
_@ 
~— (1 + € a e’”” 
=(1+e™)*e™ (6). 
3. There is another method of integrating this class of 


equations with constant coefficients which deserves attention. 
We shall illustrate it by the last example. 
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Assume u, ,= &Ca*b’, then substituting in the given equa- 
tion we find as the sole condition 


ab—~b—1=0. 
Hence 
anit 
=, 


and substituting, 
Up, = 2C (1 +b)". 


As the summation denoted by 2 has reference to all pos- 
sible values of b, and C may vary in a perfectly arbitrary 
manner for different values of 6, we shall best express the 
character of the solution by making C an arbitrary function 
of 6b and changing the summation into an integration ex- 
tended from — oo to 0. Thus we have 


uay= [om (1 +.B)" b (b) db. 


As ¢ (b) may be discontinuous, we may practically make 
the limits of integration what we please by supposing ¢ (b) 
to vanish when these limits are exceeded. 


If we develope the binomial in ascending powers of b, we 
have 


| “BP $ () db + af “Bg (b) db 
a de | ; 9g Oat... (7). 
[ #60) d=40) 
ay (8) being arbitrary if ¢ (b) is; hence 
Upy = WY — 2) + ay (y—a+1) ie p (y—a+ 2) +5 


which agrees with (4). 
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Although it is usually much the more convenient course 
to employ the symbolical method of Art. 2, yet cases may 
arise in which the expression of the solution by means of a 
definite integral will be attended with advantage; and the 
connexion of the methods is at least interesting. 


Ex. 3. Given A®,u, , = A’Uzy-1° 
Replacing u,,, by u, we have 
(AZH,* —A/E,") u=0, 


or (AVE, — A,E,) u= 0. 

But A,=,-1, A,=£,-1; 
therefore (HK, +H, — EVE, — H,) u=0, 
or (LLL, — 1) (#,—£,) u=0. 


This is resolvable into the two equations 
(L,E,-—1)u=0, (£,—£) u=0. 

The first gives 

fu — Hu =0, 
of which the solution is 

u= (Ey) $y) 

= (y — 2). 
The second gives, by Ex. I, 
u=rp(e+y). 

Hence the complete integral is 


u=$(y—2) +4(y +2), 


4. Upon the result of this example an argument has 
been founded for the discontinuity of the arbitrary func- 
tions which occur in the solution of the partial differential 
equation 

au du 
dz dy ’ 
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and thence, by obvious transformation, in that of the equation 


au 4 Wu 
duit a Wit = 9: 


It is perhaps needless for me, after what has been said in 
Chap. X., to add that I regard the argument as unsound. 
Analytically such questions depend upon the following, viz. 
whether in the proper sense of the term limit, we can regard 
sin z and cos x as tending to the limit 0, when z tends to 
become infinite. 


5. When together with A, and A, one only of the inde- 
pendent variables, e.g. z, is involved, or when the equation 
contains both the independent variables, but only one of the 
operative symbols A,, A,, the same principle of solution is 
applicable. A symbolic solution of the equation 


F (a, A,, A,)u=0 


will be found by substituting A, for @ and converting the 
arbitrary constant into an arbitrary function of y in the solu- 
tion of the ordinary equation 


EF (a, A,, a) u=0, 
And a solution of the equation 
F (a, y, A,) =0 


will be obtained by integrating as if y were a constant, and 
replacing the arbitrary constant, as before, by an arbitrary 
function of y. But if x, y, A, and A, are involved together, 
this principle is no longer applicable. For although y and 
A, are constant relatively to and A,, they are not so with 
respect to each other. In such cases we must endeavour by 
a change of variables, or by some tentative hypothesis as to 
the form of the solution, to reduce the problem to easier 
conditions. 


The extension of the method to the case in which the 
second member is not equal to 0 involves no difficulty. 


Ex. 4 Given u,, — @Uyz_,,,-,= 9. 
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; Writing u for w,, the equation may be expressed in the 
™ u— 7h, by u=0 (1). 
Now replacing Z,* by a, the solution of 
u—ark,*u=0 or u,—axu,_, = 0 
is Cx (w#—1)...1.a°. 
Wherefore, changing a into £, the solution of (1) is 
u=(B")a (e—1)...1.6(y) 
=mx(e—1)...1.(4,~%) $(y) 
=a(e—1)...1.¢6(y—2). 
6. Laplace has shewn how to solve any linear equation in 


the successive terms of which the progression of differences is 
the same with respect to one independent variable as with 


respect to the other. 
The given equation being 
A, yey + Buytesy-at Caytheng ya tees = Vay, 

A,,, B,,, ..., being functions of x and y, let y=a—k; 
then substituting and representing u,,, by v,, the equation 
assumes the form 

X Ve + Xz, + Xz $... =X, 


X,; A,--.& being functions of x. This being integrated, & is 
replaced by x—y, and the arbitrary constants by arbitrary 


functions of #— y. 


The ground of this method is that the progression of dif- 
ferences in the given equation is such as to leave x— y un- 
affected, for when x and y change by equal differences x — y 
is unchanged. Hence if “—y is represented by k and we 
take xand & for the new variables, the differences now having 
reference to x only, we can integrate as if & were constant. ° 


Applying this method to the last example, we have 
Uy —~ Uy, = 0, 
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v,=cx (#—1)...1, 


u,, =2(e«—1)...1.6(@—y), 
which agrees with the previous result. 


The method may be generalized. Should any linear func- 
tion of # and y, e.g. x+y, be invariable, we may by assum- 
ing it as one of the independent variables, so to speak reduce 
the equation to an ordinary difference-equation; but arbitrary 
functions of the element in question must take the place of 
arbitrary constants, 
= 0. 


Ex. 5. Given @, ,— Uys» — (1 — DP) Ue yrs 


Here «+y is invariable. Now the integral of 
U,— PYzy, — (1 — P) v,,=0 
is v=cet+c (=) 
P 
Hence, that of the given equation 1s 


t= (6+) + (“5”) Het a). 


7. Partial difference-equations are of frequent occurrence 
in the theory of games of chance. The following 1s an ex- 
ample of the kind of problems in which they present them- 
selves, 


Ex. 6. A and B engage in a game, each step of which 
consists in one of them winning a counter from the other. 
At the commencement, A has 2 counters and B has y counters, 
and in each successive step the probability of A’s winning a 
counter from B is p, and therefore of B's winning a counter 
from A,1—y. The game is to terminate when cither of the 
two has n counters, What is the probability of A’s win- 
ning it ? 


Let u,, be the probability that A will win it, any positive 
values being assigned to # and y. 
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Now A’s winning the game may be resolved into two 
alternatives, viz. lst, His winning the first step, and after- 
wards winning the game. 2ndly, His losing the first step, 
and afterwards winning the game. 


The probability of the first alternative is pu,,,,.,. for after 


A’s winning the first step, the probability of which is », 
he will have «+1 counters, B, y — 1 counters, therefore the 
probability that A will then win is u,,,,... Hence the pro- 
bability of the combination is puw,,,,_. 

The probability of the second alternative is in like manner 
(1 —p)u —1 941" 


Hence, the probability of any event being the sum of the 
probabilities of the alternatives of which it is composed, we 
have as the equation of the problem 


Usy = Pes y-1 a (1 — p) Uys, yt (1), 
the solution of which is, by the last example, 


l ps =“ 
Upy= (wt y) + ow v (c+y). 
It remains to determine the arbitrary functions. 


The number of counters «+y 1s invariable through the 
game. Represent it by m, then 


tay = (mn) + (SE) 4 (rm), 


Now A’s success is certain if he should ever be in possession 
of n counters. Hence, ifv=n,u,,=1. Therefore 


Again, A loses the game if ever he have only m—n 
counters, since then B will have n counters, Hence 


O= b(m) + (SF) ¥(m). 
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The last two equations give, on putting P= on : 
—_ pres 1 
 (m) = Fa — pw» ¥ (m) = pa pra 
whence 
pry —) 
Vay BET] 
oS iiders, Sees 2 0 9 (2) 


per ane (1 — pyr : 
which is the probability that A will win the game. 


Symmetry therefore shews that the probability that B will 
win the game is 


(=a) 2" 1p 8), 


and the sum of these values will be found to be unity. 


The problem of the ‘duration of play’ in which it is pro- 
posed to find the probability that the game conditioned as 
above will terminate at a particular step, suppose the 1", 
depends on the same partial difference-equation, but it in- 
volves great difficulty. A very complete solution, rich in 
its analytical consequences, will be found in a memoir by 
the late Mr Leslie Ellis (Cambridge Mathematical Journal, 
Vol. Iv. p. 182). 


Method of Generating Functions. 


8. Laplace usually solves problems of the above class 
by the method of generating functions, the most complete 
statement of which is contained in the following theorem. 


Let u be the generating function of u,,, 80 that 
U = Dl n, BY”. .; 
then making # =e*, y =e", ... we have 


8$(% a =) EPO +98". ay 


= 2 [Sh (m, 2...) tmp, n—g...} emer (1). 
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Here, while = denotes summation with respect to the 
terms of the development of u, S denotes summation with 
respect to the operations which would constitute the first 
member a member of a linear differential equation, and the 
bracketed portion of the second member a member of a dif- 
ference-equation. 


Hence it follows that if we have a linear difference-equa- 
tion of the form 


S¢ (m, n +e) Um-p,n-q... = 0 (2), 


the equation (1) would give for the general determination of 
the generating function u the linear differential equation 


d d 
pale mail PO +90"... 9) —— 
But if there be given certain initial values of u,,,, which 


the difference-equation does not determine, then, correspond- 
ing to such initial values, terms will arise in the second 
member of (1) so that the differential equation will assume 
the form 


d a 
Sd & e) ePO+ 99. 4 = B'(m, n,..) (4). 


If the difference-equation have constant coefficients the 
differential equation merges into an algebraic one, and the 
generating function will be a rational fraction. ‘his is the 
case in most, if not all, of Laplace’s examples. 


It must be borne in mind that the discovery of the gene- 
rating function is but a step toward the solution of the dif- 
ference-equation, and that the next step, viz. the discovery 
of the general term of its development by some independent 
process, is usually far more difficult than the direct solution 
of the original difference-equation would be. As I think that 
in the present state of analysis the interest which belongs to 
this application of generating functions is chiefly historical, 
I refrain from adding examples. 


ART. 9.] DIFFERENCE-EQUATIONS. 277 


Mixed Difference-equations. 


9. When a mixed difference-equation admits of resolution 
into a simple difference-equation and a differential equation, 
the process of solution is obvious. 


Ex. 7. Thus the equation 


du du 
AT, ~vAu—b jn + wu=0 


being presented in the form 


(4-2) (A-d)u=0, 


the complete value of uw will evidently be the sum of the 
values given by the resolved equations 


du 
dp 7 8 = Au — bu = 0. 


Hence 
U = ce" TC, (1 + b)*, 


where ¢, is an absolute, c, a periodical constant. 
Ex. 8. Again, the equation 
d ad, \' 
Ay=2x ae Ay + (5:49) 
being resolvable into the two equations, 


dz  /dz\? 
Ay =2, e=0F+(Z). 


we have, on integration, 


2=cxa+c’, 
yas 2 En) 4 oe +0, 


where ¢ is an absolute, and C a periodical constant. 
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Mixed difference-equations are reducible to differential 
equations of an exponential form by substituting for /, or 
ad ad 


A, their differential expressions e*, e~ — 1. 


Ex. 9. Thus the equation Au — a 0 becomes 


a d\ 
(« -1- 5) u=0, 


and its solution will therefore be 
w= ce", 
the values of m being the different roots of the equation 
e"—1—m=0. 
10. Laplace’s method for the solution of a class of partial 
differential equations (Diff. Equations, p. 440) has been ex- 


tended by Poisson to the solution of mixed difference-equa- 
tions of the form 


du du, 
aa ee an + Mu,,,+ Nu, = V (1), 


where LZ, M, NV, V are functions of x. 


Writing u for u,, and expressing the above equation in the 
form 
d 


d 
qa tt th gut Mut Nu=V, 


it is easily shewn that it is reducible to the form 


(=+4) (E+ L)u+ (N-LM-L)u=y, 


where L’ = oe . Hence if we have 


N-—LM-L'=0. (2), 
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the equation becomes 
d 
(q+) (E+ Lu=V, 


which is resolvable by the last section into a mixed difference- 
equation and a differential equation. 


But if the above condition be not satisfied, then, assuming 


(E+ L)u=49 (3), 
we have 
(+. +M)v+(0- LM-L')\u=V 
dz b 
whence 
d 
—{— +M \v+V 


which is expressible in the form 


dv 
ua Ala, t Bvt Cu y 


Substituting this value in (3) we have 


y+ LA, © + B,,Bp 


o+1 az x 


+ (ZLB,—1)v,=—C, 


z+ 


A 
LC, 


which, on division by A,,,, is of the form 


f fo+ LS + U,Eo+ Np =V, 


The original form of the equation is thus reproduced with 
altered coefficients, and the equation is resolvable as before 
into a mixed difference-equation and a differential equation, 
if the condition 

N_— LM, -— 1, =9 (5) 


is satisfied. If not, the operation is to be repeated. 
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An inversion of the order in which the symbols - and 


E are employed in the above process leads to another reduc- 
tion similar in its general character. 


Presenting the equation in the form 
(E+L) (F +M. )u+(W-LM)u=V 


where M_,= EM, its direct resolution into a mixed differ- 
ence-equation and a differential equation is seen to involve 
the condition 


N-LM_,=0. (6). 


If this equation be not satisfied, assume 


(S + u.,) u= 
and proceeding as before a new equation similar in form to 


the original one will be obtained to which a similar test, or, 
that test failing, a similar reduction may again be applied. 


du Urey ot Uz — 
Kx. 10. Given 7 a (a +n) u,,,—aru, = 0. 


This is the most general of Poisson’s examples, Taking 
first the lower sign we have 


=—a, M=x—n, N=—axz. 


Hence the condition (2) is not satisfied. But (3) and (4) 
give 


(FE —a)u=y, 
dy 
: dat (27—n)v 
me an ° 


whence 


ART. 11.] DIFFERENCE-EQUATIONS. 281 


or, on reducing, 
We4y dv, 
da da 
Comparing this with the given equation, we see that n 


reductions similar to the above will result in an equation of 
the form 


+ {x —- (n—1)} v,,, — aav, = 0. 


dw, dw, | a as a 
oie —axw, =), 


al 


which, being presented in the form 
d 
(4,42) B-a) w,=0, 


is resolvable into two equations of the unmixed character. 


Poisson’s second reduction applies when the upper sign is 
taken in the equation given; and thus the equation is seen 
to be integrable whenever m is an integer positive or nega- 
tive. 

Its actual solution deduced by another method will be 
given in the following section. 


11. Mixed difference-equations in whose coefficients 
is involved only in the first degree admit of a symbolical 
solution founded upon the theorem 


\e+ dp’ (z+ X=e (a) ote” (<) x (1). 
(Differential Equations, p. 445.) 


The following is the simplest proof of the above theorem. 


Since 
d ad @ 
¥ (=) att = & + <) as 


if in the second member 7 = oberate on x only, and a on 4%, 


we have, on developing ond effecting the differentiations 
which have reference to 2, 
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pp (z;) ru = af (,) uta’ be ae 


Let yp (3) u=v, then 


te 
~~ 
y 


= 
or if (F) be replaced by ef (a) ; 


Bnet y= Log ( @ ) 3 


Inverting the operations on both sides, which involves the 
inverting of the order as well as of the character of successive 
operations, we have 


“1 a ~o(2 
{2 ors d’ (z.)} v= Pi (i) Sie € $(<) v, 
the theorem in question. 


Let us resume Ex. 10, which we shall express in the 
form 


du,,, du, oa 
itt a a + (@ +N) Ung — OC = 0 (a), 


n being either positive or negative. Now putting w for u, 
d.#4 4 a 
1G" a) + net w +a (e*—a)u=0. 


a 
Let (c*—a)u=z, 


then we have 


d aoa 
ti +ne™ (A—-ayt z+az=0. 
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Or, 


Hence, 


and therefore by (1), 


ad. a 
gpm chlgg) Trot —a) 1-3 (2) -ntog ie —a) 9 
a 4, yay 
= (< = a)"e (a) ae i (a) (e* oo a)” 0 (b). 


It is desirable to transform a part of this expression. 
By (1), we have 


—1 a\2 a\2 
dx 


and by another known theorem, 


LJ nem(Gy et 


The right-hand members of these equations being sym- 
bolically equivalent, we may therefore give to (6) the form 


d x? “12 
z=(e*—a)"e? (5) e* (e*—a) "0. (c). 


a ° 
Now w= (e“—a)‘z, therefore substituting, and replacing 


& by £, 
u=(E-a)" ctf) e* (E—a)*0 (A). 


Two cases here present themselves. 
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First, let » be a positive integer; then since 
(BE —a)*0 =a" (,+6,% ... $6,_,2""), 
(ZE—a)**=(A+1—a)", 
we have 


u=(A+1—a)""* ef {C+ fer A" (6, +0,0-.-+ Cy, 2") a 


as the solution required. 

This solution involves superfluous constants. For inte- 
grating by parts, we have 

2 zs af a2 
fe? a®a'dx = e* aa" * + log afe? a*a "dx + (r—1)fe? a*a” “da, 
and in particular when r=1, 

2 z wa 
fe? a*adx =e* a” +logafe* a*dz. 

These theorems enable us, » being a positive integer, to 
reduce the above general integral to a linear function of 
the elementary integrals fe? a*dax, and of certain algebraic 

x2 


terms of the form e?a"z", where m is an integer less 
than r, 


Now if we thus reduce the integrals involved in (qd), it 
will be found that the algebraic terms vanish. 


For 
(A + 1 —a)*" orl ax) —_ (A + 1 ee a)" a” a” 
— qt A™ a” 
= Q, 
since m is less than 7, and the greatest value of 7 is n — 1. 


It results therefore that (d) assumes the simpler form, 


| at 
u=(A+1—a)**e? (C,+C, fe® a’dz); 
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and here C, introduced by ordinary integration is an absolute 
constant, while C’, introduced by the performance of the 
operation % is a periodical constant. 


A superfluity among the arbitrary constants, but a super- 
fluity which does not affect their arbitrariness, is always to 
be presumed when the inverse operations by which they are 
introduced are at a subsequent stage of the process of solu- 
tion followed by the corresponding direct operations. The 
particular observations of Chap. xvi Art. 4 (Differential 
Equations) on this subject admit of a wider application. 


Secondly, let n be 0 or a negative integer. 
It is here desirable to change the sign of 1 so as to express 
the given equation in the form 


ig oa +(e —n) u,— aru =0, 


while its symbolical solution (4) becomes 


u=(E-ay"te* ( ) 3 (E—a)"0. 


And in both is 0 or a positive integer. 


“1 
Now since (Z — a)" 0 =0, and (i) 0 =C, we have 


w=(b —a)y*" Oc 
= O(E-ay™" of +(E—ay*"0 


-2 
= Oa?" 5" qg@_ 2 4 ge SQ 
x2 


= Ca" S""a“e* +a° (q+ 0... +6,2"). 


But here, while the absolute constant C, is arbitrary, the 
n-+1 periodical constants ¢,, ¢,..¢, are connected by n rela- 
tions which must be determined by substitution of the above 
unreduced value of w in the given equation. 
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The general expression of these relations is somewhat com- 
plex; but in any particular case they may be determined 
without difficulty. 


Thus if a= 1, n= 1, it will be found that 


u=C>?a* Pore C,(1 —2). 


If a=1, n= 2, we shall have 
2 


= OS ate a + C, (1 —~2+ =) ‘ 
and so on. 


The two general solutions may be verified, though not 
easily, by substitution in the original equation. 


12. The same principles of solution are applicable to 
mixed partial difference-equations as to partial difference- 


equations, If A, and a are the symbols of pure operation 


involved, and if, replacing one of these by a constant m, the 
equation becomes either a pure differential equation or a 
pure difference-equation with respect to the other, then it is 
only necessary to replace in the solution of that equation m 
by the symbol for which it stands, to effect the corresponding 
change in the arbitrary constant, and then to interpret the 
result. 


Ex. 11. A,uw— pete 0. 
dy 


Replacing iy by m, and integrating, we have 
u=c(1+am)’. 


Hence the symbolic solution of the given equation is 


u=(14+a7) 6@) 
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Pe (= 1 vy), 
ar (y) being an arbitrary function of 7. 


Ex, 12. Given wu V. 


z+LY iy Us, y= "ey 
od 
Treating AF as a constant, the symbolic solution is 


w= (£) 2 (iE) Vet(Z) oo 


>, having reference to x. No constants need to be introduced 
“2 


in performing the integrations implied by (5, 


dy 
Abyss au, 
Ex. 13. Given w,,, — 3£ ai: + 2x (a —1) mes 
Let u,=1.2... (@—2) v,, then 
di d*y 
’ oo, ~_ &+t 6) 7 
Urse 3 dy ia dy? 0, 
2 
or \E -38,5,+2(;,) be =0 
y — \dy 
d d 
or (Z.— a) (Z.-2 5) v,=0, 


whence by resolution and integration 


«= ($) $@+25) ¥O. 


w=1.2..€@-2){(1) 6@) +2 (J) YO}: 


Ex. 14. u,.- g lens a = V, where Vis a function 


dy 
of # and y. 
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Here we have 


“(0 8) (0-28) }> 


=o (z,-2 ia) v- s(Ee~ he) v 


“a (2%) ®@a) ’-al@) 2G) ” 


The complementary part of the value of u introduced by 
the performance of % will evidently be 


2*(5) $0) + (<) +O. 


But in particular cases the difficulties attending the reduc- 
tion of the general solution may be avoided. 


Thus, representing V by V,, we have, as a particular solu- 
tion, 
_ ‘ x d 2\~1 
u,={E, - 3B, 7 +2 (sy f "A 


= (Be + 3£,,° a HTB Tt sie ) V, 


dy 
7 OV xs. tel Vie 
= Vest 3a t+ are pers 


which terminates if V, is rational and integral with respect 
to y. The complement must then be added. 


Thus the complete solution of the given equation when 
V=F(a)+y, 


is u=F(a—2)+y +34 (5) 60) +(z) ¥O 
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EXERCISES. 
Solve the equations : 
d 
1, Aju,,—a dy “= 0 
d a" 


2. Unjyy —@ dy tenet oe Un y = 0. 


3. Usa y — Ue yar = OF Y. 
ay 

4 Ustivin — Uz,y =O 

5 2 = 

5. Unye y — © Un, yg = 9. 


ou + 3u 


Unsg.y ~ PUxse vss te1,y42 


2,948 eras @. 


6 

—. = zty 
7. Wasa yay — Wings y — Oey, yy, + abu, = 07%. 
8 


3 8 — 
Uris.y 3a Urs yte +a Ux, y43 = BY 


du, du, ie 
9 Bt ag Au, + Uy = 
10. Determine u,, from the equation 


2a , 
Cc Gp tase =A Ur es 


where A affects 2 only ; and, assuming as initial conditions 


, 


d i 
Uz. = ae +b, Jo tuo = ar", 
shew that 


d t ~t 
og tne = AM" (ui + e'), 


where A, X and pw are constants (Cambridge Problems). 
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11. Given 
Uys yay + (@ — @ — 2y— 2) Uy, +(S+Y) Us y= 0 
with the conditions 
U,_,=9, u,=0, and u,,,,=9, 


find u,,- 


[Cayley, Tortolin, Series 11. Vol. 11. p. 219.] 


12. Un y = Usyy t+ Unig Hoe + Uy ye 


[De Morgan, Camb. Math. Jour. Vol. Iv. p. 87.] 
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CHAPTER XV. 


OF THE CALCULUS OF FUNCTIONS. 


1. Tue calculus of functions in its purest form is dis- 
tinguished by this, viz. that it recognizes no other operations 
than those termed functional. In the state to which it has 
been brought more especially by the labours of Mr Babbage, 
it is much too extensive a branch of analysis to permit of 
our attempting here to give more than a general view of 
its objects and its methods. But it is proper that it should 
be noticed, Ist, because the Calculus of Finite Differences 
is but a particular form of the Calculus of Functions; 2ndly, 
because the methods of the more general Calculus are in 
part an application, in part an extension of those of the 
particular one. 


In the notation of the Calculus of Functions, ¢ {yf («)} is 
usually expressed in the form $y, brackets being omitted 
except when their use is indispensable. The expressions 
phx, Hppx are, by the adoption of indices, abbreviated into 
g¢°x, ox, ..... As a consequence of this notation we have 
¢°x =x independently of the form of ¢. The inverse form 
¢ is, it must be remembered, defined by the equation 


pp x= x. (1). 
Hence ¢" may have different forms corresponding to the 
same form of ¢@. Thus if 


oa = 2° + an, 
we have, putting dz = ¢, 
t= pt = 


_at vat + 4t) 
9 ? 
and @* has two forms. 
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The problems of the Calculus of Functions are of two 
kinds, viz. 


Ist. Those in which it is required to determine a func- 
tional form equivalent to some known combination of known 
forms; e.g. from the form of 2x to determine that of wz. 
This is exemplified in B, page 167. 


2Qndly. Those which involve the solution of functional 
equations, 1.e. the determination of an unknown function 
from the conditions to which it is subject, not as in the pre- 
vious case from the known mode of its composition. 


We may properly distinguish these problems as direct and 
inverse. Problems will of course present themselves in which 
the two characters meet. 


Direct Problems. 


2. Given the form of yx, required that of "zs. 


There are cases in which this problem can be solved by 
successive substitution. 


Ex. 1. Thus, if sa =a", we have 
qprpa = (2°) = 2", 


and generally 
apn = a. 


Again, if on determining wa, »p°e as far as convenient it 
should appear that some one of these assumes the particular 
form 2, all succeeding forms will be determined. 


Ex. 2, Thus if yr = 1 — 2, we have 
Yin =1—(1—2) ==. 


Hence "x = 1 — = or & according as n is odd or even. 


1 
Ex. 3. If pa = iL 7 » we find 


rn = ay » Wa=ea. 


ART. 2.] OF THE CALCULUS OF FUNCTIONS. 293 


x 


a 1 e e e e 
Hence "rt =a, or -- — according as on dividing 
2 


1l-—z 
n by 3 the remainder is 0, 1 or 2. 


Functions of the above class are called periodic, and are 
distinguished in order according to the number of distinct 
forms to which "2 gives rise for integer values of n. The 
function in Ex. 2 is of the second, that in Ex. 3 of the third, 
order. 


Theoretically the solution of the general problem may be 
made to depend upon that of a difference-equation of the 
first order by the converse of the process on page 167. For 


assume 
yr =t,, raat, (2). 
Then, since ""' a = yry"x, we have 
Cat = " (t,) (3) J 


The arbitrary constant in the solution of this equation may 
be determined by the condition ¢,= 2, or by the still prior 
condition 

t= Wu= 2 (4). 


It will be more in analogy with the notation of the other 
chapters of this work if we present the problem in the form: 
Given We, required +*t, thus making a the independent vari- 
able of the difference-equation. 

Ex. 4. Given t= a-+ dt, required w't. 

Assuming "t= u, we have 

Ue, = a+ bu,, 
the solution of which is 
aed 
U, = cb" + 13° 
Now u, = pt =t, therefore 


a 
t=c+i— 4. 


294 OF THE CALCULUS OF FUNCTIONS. 


Hence determining c we find on substitution 


6b*—1 
b — 


the expression for ft required. 


it b*¢ 


Ure = 0 


Ex. 5. Gi = 
x Iven Yt = ee ro , required Wt. 
Assuming .p"¢ =u, we have 
a 
Mon Bu, 
OF + be 


Uney 41 


Assuming as in Ch. xu. Art. 1, 


v 
U, + b= a ’ 
J 
we get Ve — 0Uz,, — av, =D, 


the solution of which is 
V,=C,0" + 0", 

a and 8 being the roots of the equatiun 
m —bm —a= 0. 


eee + c,B°" 


ca" $087 —b; 


Hence Uy = 


or, putting C for = and a+ for 6, and reducing, 
i 


a arte 
eae a0 
Now u,= yt =¢, therefore 
=O 
_Bt+ 


aa 


(CH. Xv. 


(5), 


(6). 
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whence C=— 


and, substituting in (6), 


_ gt — B+ (a *—fr")t 
me a8 er Br eB) Me 


the expression for W"t required. 


Since in the above example wi = oe , we have, by direct 


substitution, 
a, @ = a 
¥ aan 5 4 o 
b+’ 
and continuing the process and expressing the result in the 
usual notation of continued fractions, 
ne 
= 4 OF b+ +E 
the number of simple fractions being 2. Of the value of this 
continued fraction the right-hand member of (7) is therefore 
the finite expression. And the method employed shews how 
the calculus of finite differences may be applied to the finite 
evaluation of various other functions involving definite repe- 
titions of given functional operations. 


a + bt 
c+et’ 


Assuming as before y"t=wu,, we obtain as the difference- 
equation 


Ex. 6*. Given t= required ot. 


CU,U,,, + Cu,,, — bu, -a=0 (8), 


and applying to this the same method as before, we find 
Ue = —3 nA (9), 


a and 8 being the roots of 
e'm* — (b +c) em+ be—ae=0 (10) ; 
* See also Hoppe, Zeitschrift, v. 136. 
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and in order to satisfy the condition wu, = ¢, 
e(t—a)+e 

11). 
e(t—B) +e (11) 


When «a and 8 are imaginary, the exponential forms must 
be replaced by trigonometrical ones. We may, however, so 
integrate the equation (8) as to arrive directly at the trigono- 
metrical solution. 


C=— 


For let that equation be placed in the form 


@ + 4) (er - *\ ras a = 0. 


b—c 
Then assuming wu, = ¢, +—x— , we have 


2e 
b+c¢ b+c\  be—ae 
(4+ S54) (ten “Ge ) +B =O, 
or te toy, + (te, —t) +Y¥=0 (12), 
; _b+e , be—ae_ (b+¢c)’ 
in which ar ye a licea ae, “he (13). 
t.,—t 1 
ee ee 
Hence P+... Pi 
or, assuming t, = v8,, 
Sey, ~ 8a TY 
1+3,8,,, b 
the integral of which is 
$, = tan (c- a tan” * : 
pb 
But ¢,= vs, and u,=t,+ p’, where 
,_ b—¢ 
= eee (14). 
Hence U, =p tan (c —ztan™ ~) + yp (15), 


the general integral. 
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Now the condition uw, = ¢ gives 


t=vtan 0+ p’ 
Hence determining C we have, finally, 
ap*t =v tan (ta c — —xtan™ * +e (16), 


for the general expression of »p*t. 


This expression is evidently reducible to the form 
A+ Bt 
C+ Et’ 
the coefficients A, B, C, £ being functions of a. 


Reverting to the exponential form of yt given in (9), it 
appears from (10) that 1t 1s real if the function 


(6+)? bc — ae 
e = 4 e 


is positive. But this is the same as—4v*. The trigono- 
metrical solution therefore applies when the expression repre- 
sented by v’ is positive, the exponential one when it is 
negative. 


In the case of y = 0 the difference-equation (12) becomes 
bg tzy, + (tay, — tx) = 9, 


ne 

ten te B 
the integral of which is 

.=-+0. 

pe 
Determining the constant as before we ultimately get 
ce porac — (bw a pox) t 1 
5 t= pea ne iP 24 at ( 7); 


a result which may also be deduced from the trigonometrical 
solution by the method proper to indeterminate functions. 
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Periodical Functions. 


3. It is thus seen, and it is indeed evident a priori, that 
in the above cases the form of »"t is similar to that of wt, 
but with altered constants, The only functions which are 
known to possess this property are 


a + bt 

C+ et 

On this account they are of great, importance in connexion 
with the general problem of the determination of the possible 


forms of periodical functions, particular examples of which 
will now be given. 


and at’. 


Ex, 7. Under what conditions is @ + dt a periodical func- 
tion of the 2“ order ? 


By Ex. 4 we have 


b7—1 
yt=a5— + b*t, 


and this, for the particular value of w in question, must 
reduce to t Hence 

b? —1 
b—1 
equations which require that 5 should be any 2* root of unity 


except 1 when a is not equal to 0, and any a root of unity 
when a is equal to 0. 


a =(0, §=1, 


Hence if we confine ourselves to real forms the only pe- 
riodic forms of a+ b¢ are ¢ and a—#, the former being of 
every order, the latter of every even order. 


19 a 


bt 
Ex. 8. Required the conditions under which fos 


et 
periodical function of the a order. 


In the following investigation we exclude the supposition 
of e=0, which merely leads to the case last considered. 
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Making then in (16) yt =¢, we have 


t= pw +vtan ( tan” es — 2 tan™ *) (18), 
t— mw at—p 1 V 
or -——— = tan | tan™ —--—atan”—}, 
y v pb 


an equation which, with the exception of a particular case to 
be noted presently, is satisfied by the assumption 


~, VP . 
aw tan”* — =, 
jo 


+ being an integer. Hence we have 


“= tan — (19), 
[ x 
or, substituting for v and yw their values from (13), 
4 (bc — ae) 2 UT 


“C40r =? 


whence we find 
b* — 2bc cos ayy +¢° 
= (20). 


e=— 


Ur 
4a cos* — 
x 


The case of exception above referred to is that in which 
y=(, and in which therefore, as is scen from (19), ¢ is a mul- 
tiple of z For the assumption v = 0 makes the expression for 
¢t given in (18) indeterminate, the last term assuming the form 
Oxo. If the true limiting value of that term be found in 
the usual way, we shall find for ¢ the same expression as was 
obtained in (17) by direct integration. But that expression 
would lead merely to z=0 as the condition of periodicity, a 
condition which however is satisfied by all functions what- 
ever, in virtue of the equation ¢°t = ¢. 


The solution (9) expressed in exponential forms does not 
lead to any condition of periodicity when a, b, c, ¢ are real 
quantities. 
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We conclude that the conditions under which ~ a 
not of the form A + Bt, 1s a periodical function of the a order, 
are expressed by (20), 1 being any integer which is not a 
multiple of a*. 

4. From any given periodical function an infinite number 
of others may be deduced by means of the following theorem. 


, when 


THEOREM. If ft be a periodical function, then $f¢"'t1s also 
a periodical function of the same order 


For let Ofot = t, 
then yt = ofo"ofert 
= of tpt 
And continuing the process of substitution 
yt = of pt. 
Now, if ft be periodic of the n order, f"t =t, and 
fp t= prt. 
Hence vt = opt =t. 


Therefore yt is periodic of the n™ order. 


Thus, it being given that 1 —¢ is a periodic function of ¢ of 
the second order, other such functions are required. 


Represent 1 ~— ¢ by ft. 
Then if dt = ¢’, 
 bfptt=(1— Wt) 
If ft = vt, 
¢fgt = (1-4. 
These are periodic functions of the second order; and the 
number might be indefinitely multiplied. 


The system of functions included in the general form 
ff¢'t have been called the derivatives of the function ft. 


* Iam not aware that the limitation upon the integral values of i has 
been noticed before. (1st Ed.) , 
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Functional Equations. 


5. The most general definition of a functional equation 
is that it expresses a relation arising from the forms of 
functions ; a relation therefore which is independent of the 
particular values of the subject variable. The object of the 
solution of a functional equation is the discovery of an un- 
known form from its relation thus expressed with forms which 
are known. 


The nature of functional equations is best seen from an 
example of the mode of their genesis. 


Let f(z, c) be a given function of # and c, which con- 
sidered as a function of z, may be represented by ¢z, then 


ox =f (a, ¢), 
and changing & into any given function ye, 
pya =f (We, c). 
Eliminating c between these two equations we have a result 
of the form 
F (a, $2, $y) =0 (1). 


This is a functional equation, the object of the solution of 
which would be the discovery of the form ¢, those of # and 
being given. 


It is evident that neither the above process nor its result 
would be affected if c instead of being a constant were a func- 
tion of « which did not change its form when 2 was changed 
into ya. Thus if we assume as a primitive equation 


$ (2) = on += (a), 
and change x into — x, we have 
1 
d (- 2) =—cxrt e ‘ 


Eliminating c we have, on reduction, 


{b (a)}* — { (— 2) }* = 4a, 
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a functional equation of which (a) constitutes the complete 
primitive. In that primitive we may however interpret c 
as an arbitrary even function of a, the only condition to 
which it is subject being that it shall not change on chang- 
ing x into —a#. Thus we should have as particular soln- 
tions 


1 
$ (2) =x cose +—— , 


$ (a) =a +5, 


these being obtained by assuming c = cos x and a” respectively. 


Difference-equations are a particular species of functional 
equations, the elementary functional change being that of « 
into z+1. And the most general method of solving func- 
tional equations of all species, consists in reducing them to 
difference-equations. Laplace has given such a method, 
which we shall exemplify upon the equation 


F (a, pyra, $ye) =0 (2), 


the forms of x and y being known and that of @ sought. But 
though we shall consider the above equation under its general 
form, we may remark that it is reducible to the simpler form 
(1). For, the form of yy being known, that of yy" may be 
presumed to be known also, Hence if we put wae=z and 


yy 'z =z, we have 
F aps, $2, o,z) = 9, 
and this, since y" and yw, are known, is reducible to the 
general form (1). 
Now resuming (2) let 
Wo=U, KXL=U,,,) 3). 
Gyr =,, PX = Uy, 
Hence », and u, being connected by the relation 
U,= Pu, (4), 
the form of ¢ will be determined if we can express v, as a 
function of w,. 
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Now the first two equations of the system give on elimi- 
nating « a difference-equation of the form 


ens = fu, (5), 


the solution of which will determine u,, therefore sa, there- 
fore, by inversion, # as a function of ¢ This result, together 
with the last two equations of the system (3), will convert the 
given equation (2) into a difference-equation of the first 
order between ¢ and v,, the solution of which will determine 
v, as a function of ¢, therefore as a function of u, since the 
form of u, has already been determined. But this deter- 
mination of v, as a function of wu, is equivalent, as has been 
seen, to the determination of the form of ¢. 


Ex. 9. Let the given equation be ¢ (mx) — ad (x) = 0. 


Then assuming 


= Ups M2 =U 
jae Sheen ), 
we have from the first two 
U,,, — mu, = 0, 
the solution of which is 
u, = Cm' (b). 


Again, by the last two equations of (a) the given equation 
becomes 
v 


4 — av, = 0, 


whence 


v,= Ca’ (c). 
Eliminating ¢ between (b) and (c), we have 


log ue—log C 
v,=C’a lem 
log C 
Hence replacing u, by 2, v, by $x, and C’a '°&™ by C,, we 


have 


log x 


dz = CO. 8m (d). 
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And here C, must be interpreted as any function of 2 which 
does not change on changing # into mz. 


If we attend strictly to the analytical origin of C, in the 
above solution we should obtain for it the expression 


Ag+ @, cos (2m cee =) +, cos ( 4m rea) + 


om 
; lo lo 
+b, sin (Qn; a ~) +b, sin (407 ea) 
Gd, @,, b,, -»- being absolute constants. But it suffices to 


adopt ‘the simpler definition given above, and such a course 
we shall follow in the remaining examples. 


Ex. 10. Given (3 7=*)- ad (x) =0. 


Assuming 
1l+¢2 
T= %4&,,; t= == ea? 
l+2z 
p (x) = »,, 6 (774) =o, 
we have 
1+ 4, 
Uses ] — u, > 
or UU, — Uy, tu, +1 =0. 


The solution of which is 
u, = tan (o+7¢) 


Again we have 
V,,, — av, = 0, 


v, = C'a’. 
Hence replacing u, by x, v, by ¢ (x), and eliminating ¢, 


$ (2) =O," 


whence 


4 tan-ix 
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, being any function of # which does not change on chang- 


| uo ee 
ing x into To 


6. Linear functional equations of the form 
g's tangy s+ aby'te..+a,b(2)=X (6), 


where + (z) is a known function of z, may be reduced to the 
preceding form. 


For let w+ be a symbol which operating on any function 
(x) has the effect of converting it into dW(z). Then the 
above equation becomes 


nm" (x) +a,r" "dh (x)... +4, (x) =X, 
or 


(7 +a,7""...+4,)6(z) =X (7). 


It is obvious that a possesses the distributive property 
expressed by the equation 


wv (u+v) = 1ru +7, 
and that it is commutative with constants so that 


TAU = ATU. 


Hence we are permitted to reduce (7) in the following 
manner, viz. 


p (x) = (7" + ama" coe a,) x 
={N,(n—m)" +N, (m—m)*..JX 8), 


m,, m,... being the roots of 


? 
m* +a,m"*...+a,=0 (9), 


and WV, N,... having the same values as in the analogous 
resolution of rational fractions. 


Now if (3 — m)* X = ¢ (2), we have 
(7 = m) $ (a) =, 
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or Grp (2) — mo (a) =X, 
to which Laplace’s method may be applied. 


Ex.11. Given ¢q(m'*x) + ad (mz) + bd (x) = 2". 


Representing by a and B the roots of 2 +ax+b=0, the 
solution is 
x” ae Jog 8 
OA ata eee ee og mM r , Log 77 
Co aires reper ty as Cg 8 ™ 4. (Ig: Bm 
Cand C’ being functions of x unaffected by the change of z 
into mz. 


Here we may notice that just as im linear differential 
equations and in linear difference-equations, and for the 
same reason, viz. the distributive character of the symbol 7, 
the complete value of (x) consists of two portions, viz. of 
any particular value of ¢ (z) together with what would be its 
complete value where X=0. This is seen in the above 
example. 


7. There are some cases in which particular solutions of 
functional equations, more especially if the known functions 
involved in the equations are periodical, may be obtained 
with great ease. The principle of their solution is as 
follows. 


Supposing the given equation to be 
F (a, $x, grp2) =0 (10), 


and let sx be a periodical function of the second order. 
Then changing 2 into we, and observing that y’c=., we 


have 
F (pe, pyre, px) = 0 (11). 
Eliminating da the resulting equation will determine dx 


as a function of z and ya, and therefore since ya is supposed 
known, as a function of a. 


If rx is a periodical function of the third order, it would 
be necessary to effect the substitution twice in succession, and 
then to eliminate ¢dyx, and ¢iy'x; and so on according to 
the order of periodicity of apa. 
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Ex. 12. Given (px)* ix, =A". 
The function ao is periodic of the second order, Change 


1l+<2 


: l-—2z 
then x into ee and we have 


1—2\? 2l-—eZ 
($154) ae 1l+2’ 
be oh ies l-—@z 
Hence, eliminating ¢ Tan We find 


1+a\3 
er eh pa 
bx = asx (===) 


as a particular solution. (Babbage, Examples of Functional 
Equations, p. 7.) 

This method fails if the process. of substitution does not 
yield a number of independent equations sufficient to enable 


us to effect the climination. Thus, supposing ya a period- 
ical function of the second order, it fails for equations of the 


form 
ff (pz, pyx) = Q, 


if symmetrical with respect to dx and dye. In such cases 
we must either, with Mr Babbage, treat the given equation 
as a particular case of some more general equation which is 
unsymmetrical, or we must endeavour to solve it by some 
more general method like that of Laplace. 


Ex. 13. Given 
a 2 
(par)? + \¢ & x) = 
This is a particular case of the more general equation 
2 
(pa)* +m \¢ @ _ )t =1+nyz, 


mand n being constants which must be made equal to I and 0 
respectively, and ya being an arbitrary function of 2. 
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* : Tv 
Changing # into = — a, we have 


2 
(6 G-2)f +m@eor=14m (f-2) 


Eliminating @ (5 ~ x) from the above equations we find 


(1 —m)) {6 (2))"=1-m+n lye my (F—a)}. 


Therefore 


($ @)P= pon +7 nt Xe my (5 — x). 


Now if m become 1 and » become 0, independently, the 


fraction a becomes indeterminate, and may be replaced 


by an arbitrary constant c. Thus we have 


{$ (2)]" = 5 + 0x (2) ~ex (5-2) 


whence, merging c in the arbitrary function, 
1 i 
$(@)={5+x(@)-x(§- ) (12). 


The above is in effect Mr Babbage’s solution, excepting 
that, making m and n dependent, he “finds a particular value 
for the fraction which in the above solution becomes an arbi- 
trary constant. 


Let us now solve the equation by Laplace’s method. Let 
{bh (x)}? =+px, and we have 


¥(@)+4(F-2)=1. 
Hence assuming 


ae Tv 


Vy (x) =4,, ¥(5- 2) = Yas 
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we have 
Gear + UU = 3 ’ 
V.4,+0,= 1. 
The solutions of which are 
2, 7 
u,=c,(—1) — 4? 
| 
U, = C, (—1) + 3° 
Hence 
Vv a! 
See rg 
eee S 
‘ 4 
Therefore 
= 5+0(u-F), 
or 
1 1 
+(e) =540(2-9). 
Therefore 


b(e)={5 +0 (2-F)p. 


in which C must be interpreted as a function of x which does 


not change when z is changed into 5 Oe It is in fact an 


arbitrary symmetrical function of « and 5- 2. 
The previous solution (12) is included in this. 


For, equating the two values of $(%) with a view to 
determine C, we find 
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a a) 


which is seen to be symmetrical with respect to x and 3 — x. 


8. There are certain equations, and those of no incon- 
siderable importance, which involve at once two independent 
variables in such functional connexion that by differentiation 
and elimination of one or more of the functional terms, the 
solution will be made ultimately to depend upon that of a 
differential equation. 


Ex. 14. Representing by P¢ (z) the unknown magnitude 
of the resultant of two forces, cach equal to P, acting in one 
plane and inclined to each other at an angle 2z, it is shewn 
by Poisson (Alécanique, Tom. I. p. 47) that on certain assumed 
principles, viz. the principle that the order in which forces 
are combined into resultants is indifferent—the principle of 
(so-called) sufficient reason, ..., the following functional 
equation will exist independently of the particular values of 
% and y, Viz. 


pty) +h (z—y) = (x) $y). 
Now, differentiating twice with respect to z, we have 
Pp (ety)t+$ (@-y)=$" @) $y). 


And differentiating the same equation twice with respect 


to ¥, 
p” (uty) +" (w—y) => (2) $” (y). 
Hence pf’ (x) _ p" (y) 


——e ee 


p(x) p(y) * 
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Thus the value of . 5 is quite independent of that of a. 


We may therefore write 
gp" (z) 
p (2) 


m being an arbitrary constant. The solution of this equa- 
tion 1s 


=im', 


d (2) = Ac™ + Be™, or fb (x) = A cos ma + Bsin mz. 


Substituting in the given equation to determine A and B, 
we find 


db (2) =e" +e, or 2cos me. 


Now assuming, on the afore-named principle of sufficient 
reason, that three equal forces, each of which is inclined to 
the two others at angles of 120°, produce equilibrium, it fol- 


lows that (5) =1. This will be found to require that the 


second form of ¢ (x) be taken, and that m be made equal to 1. 
Thus ¢ (x) =2cosz. And hence the known law of compo- 
sition of forces follows. 


Ex. 15. A ball is dropped upon a plane with the intention 
that it shall fall upon a given point, through which two per- 
pendicular axes a and y are drawn. Let ¢(«#)da be the 
probability that the ball will fall at a distance between # and 
a+ dx from the axis y, and ¢ (y) dy the probability that it 
will fall at a distance between y and y + dy from the axis 2. 
Assuming that the tendencies to deviate from the respective 
axes are independent, what must be the form of the function 
¢ (x) in order that the probability of falling upon any par- 
ticular point of the plane may be independent of the position 
of the rectangular axes? (Herschel’s Essays.) 


The functional equation is easily found to be 


(x) b(y) = $ (a? +9} $ (0). 
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Differentiating with respect to x and with respect to y, we 


have J 
_ *P {[vV(a* + ¥")} $ (0) 
p (x) p (y) = v(x + yf") ’ 


‘(yy = UP Wa +9 6 ©) 
$@)¢ ye 


Therefore xd (2) 6 (y y" 


Hence we may write 


#'(2) _ 9mm 


ae ig — 


x (2) 
a differential equation which gives 
(x) = Ce 


The condition that ¢(#) must diminish as the absolute 
value of a increases shews that m must be negative. Thus 
we have 


(x) = Ce", 


EXERCISES. 


1. If¢ (x)= =i determine ¢" (2). 


2. If d (x) = 2a*—1, determine ¢" (2). 


3. If (t)= ate and »/* (¢) = oe shew, by means of 
the necessary equation yy" (f) = Wrap (f), that 
A E C-B 
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4. Shew hence that 4*(¢) may be expressed in the form 


a +b,t 
b,—b+e+et’ 


the equation for determining }, being 
b,b.,, +0b,,, — 6b, —ae = 0, 


and that results equivalent to those of Ex. 5, Art. 2, may 
hence be deduced. 


Solve the equations 

5. f(a) t+ fly) =f (e+y). 

6. f(x) +af(— a) = 2". 

7. f(x) —af(—2) =e. 

8. f(l—2)+f(1+2)=1—2’. 

9. f(e) =2f' (0) +f LF (@)} 

10. Find the value, to x terms, of the continued fraction 
2 


2 
aa eae 


11. What particular solution of the equation 
1 
f(a)+f (5) =4 


is deducible by the method of Art. 7 from the equation 
1 
f (2) + mf (=)=a+ ng (2)? 


12. Required the equation of that class of curves in which 
the product of any two ordinates, equidistant from a certain 
ordinate whose abscissa @ is given, is equal to the square of 
that abscissa. 
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13. If zx be a periodical function of x of the n™ degree, 
shew that there will exist a particular value of f(a) a expres: 
sible in the form 


a,+a,17e2+a,7'@ ...+ a,_,1" 2, 


and shew how to determine the constants @,, @,, gy.+ +0, 


™-1° 


14. Shew hence that a particular integral of the equation 


$ (77) -ag(e)=2 


will be 


a ll+e 1 la-l 
$(@)=7 3 (e+ 57-5, eri 


15. The complete solution of the above equation will be 


obtained by adding to the particular value of a the comple- 
4tan—z 


—_—— ee 


mentary function Ca 7 


16. Solve the simultaneous functional equations 


boty) =o (e+ PON. 


_ _W@) + (y) 
OTD 1 6 (@) 6)’ 
(Smith’s Prize Examination, 1860.) 


17. Solve the equation 


nF (ne) =f (2) +f (w+ =) +f (2+ =)+ wee +f (e+ "= ). 


[Kinkelin, Grunert, xxi 189.] 


18. Solve the equation 


p (x) + (y) = {xf (y) + yf (2)}. 
[Abel, Crelle, 11. 386.] 
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Magnus (Crelle, v. 365) and Lottner (Crelle, xtv1.) have 
continued the investigations into this and kindred functional 
equations. 


19. Find the conditions that ¢ (x, y) +/—1 4 (a, y) may 
be of the form F (a +y J—1). 
[Dienger, Grunert, x. 422.] 


20. Shew that 


_ du , d*u 
70 da® * da 
satisfies the equation | 
de, = 2 Az 


dx n n? 
u being any function of x. 


If a regular polygon, which is inscribed in a fixed circle, 
be moveable, and if a denote the variable arc between one 
of its angles and a fixed point in the circumference, and z, 
the ratio, multiplied by a certain constant, of the distances 
from the centre of the feet of perpendiculars drawn from the 
n and (n—1)* angles, counting from A, on the diameter 
through the fixed point, prove that z, is a function which 
satisfies the equation. 


21. If d(z)=¢(a) > (y), where z is a function of x and y 
determined by the equation f(z) = f(z) f(y), find the form 


of ¢ (a). 
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CHAPTER XVI. 
GEOMETRICAL APPLICATIONS. 


1. THE determination of a curve from some property con- 
necting points separated by finite intervals usually involves 
the solution of a difference-equation, pure or mixed, or more 
generally of a functional equation. 


The particular species of this equation will depend upon 
the law of succession of the points under consideration, and 
upon the nature of the elements involved in the expression 
of the given connecting property. 


Thus if the abscisse of the given points increase by a 
constant difference, and if the connecting property consist 
merely in some relation between the successive ordinates, the 
determination of the curve will depend on the integration of 
a pure difference-equation. But if, the abscisse still increas- 
ing by a constant difference, the connecting property consist 
in a relation involving such elements as the tangent, the 
normal, the radius of curvature, ..., the determining equa- 
tion will be one of mixed differences, 


If, instead of the abscissa, some other element of the 
curve is supposed to increase by a constant difference, it 1s 
necessary to assume that element as the independent variable. 
But when no obvious element of the curve increases by a 
constant difference, it becomes necessary to assume as in- 
dependent variable the index of that operation by which we 
pass from point to pcint of the curve, ie. some number 
which is supposed to measure the frequency of the operation, 
and which increases by unity as we pass from any point to 
the succeeding point. Then we must endeavour to form two 
difference-equations, pure or mixed, one from the law of 
succession of the points, the other from their connecting pro- 
perty; and from the integrals eliminate the new variable. 
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There are problems in the expression of which we are led 
to what may be termed functional differential equations, i.e. 
equations in which the operation of differentiation and an 
unknown functional operation seem inseparably involved. In 
some such cases a procedure similar to that employed in the 
solution of Clairaut’s differential equation enables us to effect 
the solution. 


2. The subject can scarcely be said to be an important 
one, and a single example in illustration of each of the dif- 
ferent kinds of problems, as classified above, may suffice. 


Ex. 1. To find a curve such that, if a system of » right 
lines, originating in a fixed point and terminating in the 
curve, revolve about that point making always equal angles 
with each other, their sum shall be invariable. (Herschel’s 
Examples, p. 115.) 


The angles made by these lines with some fixed line may 
be represented by 


2(n—1 
P) 9427, 0437, O4 (n ) 
Nn n n 


Hence, if r=¢ (0) be the polar equation of the curve, the 
given point being pole, we have 


21 2(n—1)7}) _ 
$(6)+4(0+==) ot 6 {04 OE TT na 
a being some given quantity. 
Let 6= one , and let d (-™*) =u,, then we have 


Ay + Ugg o0+ FH Ungneny = 10s 
the complete integral of which is 


Aer 


Qare (Qn — 2) we 
u, =a+C,cos os + C, cos aes +C,_,cos re 
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Hence we find 
r=a+C,cos6+C,cos 20... +C,_, cos (n—1) 8, 
the analytical form of any coefficient C, being 
C=A+B, cosn? + B, cos 2n6+..., 
+ £, sin n@+ EH, sin 2n6 +..., 
A, B,, E,, ..., being absolute constants. 
The particular solution »=a +6 cos 6 gives, on passing to 
rectangular co-ordinates, 
(a? — ba + yi =a? (x + 9"), 
and the curve is seen to possess the property that “if a system 
of any number of radii terminating in the curve and making 


equal angles with each other be made to revelve round the 
origin of co-ordinates their sum will be invariable.” 


Ex. 2. Required the curve in which, the abscisse in- 
creasing by a constant value unity, the subnormals increase 
in a constant ratio 1 : a. 


Representing by y, the ordinate corresponding to the ab- 
scissa 2, we shall have the mixed difference-equation 


dy. dy, 
Ye - ay OY. =0 (1). 


Let y, fs =wu,, then 


WU, —au,_,=90; 
x z~1 ? 


*, Uz = Cau*, 
whence 
t_ lt = Oat (2), 


Hence integrating we find 
Y2= V(C,a" + ¢) (3), 


C, being a periodical constant which does not vary when x 
changes to x +1, and c an absolute constant. 
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Ex. 3. Required a curve such that a ray of light pro- 
ceeding from a given point in its plane shall after two reflec- 
tions by the curve return to the given point. 


The above problem has been discussed by Biot, whose 
solution as given by Lacroix (Diff. and Int. Calc. Tom. m1. 
p. 588) is substantially as follows: 


Assume the given radiant point as origin; let z, y be the 
co-ordinates of the first point of incidence on the curve, and 
x’, y’ those of the second. Also let ey = Dp, a =p’. 


It is easily shewn that twice the angle which the normal 
at any point of the curve makes with the axis of x is equal 
to the sum of the angles which the incident and the cor- 


responding reflected ray at that point make with the same 
axis, 


Now the tangent of the angle which the incident ray at 
the point z, y makes with the axis of x is - The tangent 
of the angle which the normal makes with the axis of z is 


1 ; 
— —, and the tangent of twice that angle is 


p 
_2 
P 2p 
—— — ee 
Tse ee 
p 


Hence the tangent of the angle which the ray reflected from 
a, y makes with the axis of x is 


2p _Yy 

a pee 2 
SS ee (1). 
1422 _¥Y Tl—p)+4py 

l-p'a 


Again, by the conditions of the problem a ray incident from- 
the origin upon the point 2’, y’ would be reflected in the same 
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straight line, only in an opposite direction. But the two 
expressions for the tangent of inclination of the reflected ray 
being equal, 


2a'p'—y' (L=p") _ 2ep-y(1~P') _ (2), 
a (1—p*)+2yp’ «(1 —p') + 2yp 


while for the equation of that ray, we have 


,_ _ 2ap —y (1 —p’) r 
y y= FS (i=p) + 2yp @ z) (3). 


Now, regarding # and y as functions of an independent 
variable 2 which changes to z+1 in passing from the first 
point of incidence to the second, the above equations become 

2ap —y (1 —p’) _ 
“n(L—pt) + 2yp 

_ 2up —y (1—p’) 

x (1 — p') + 2yp 


The first of these equations gives 


? 


id est Aad ot om 
a (L—p') + dyp” ), 
whence by substitution 
Ay = CAa. 


Therefore 
y= Cx +. 


Here C and C" are primarily periodic functions of z which 
do not change when z becomes +1. Biot observes that, if 
C be such a function, ¢(C), in which the form of ¢ is arbi- 
trary, will also be such, and that we may therefore assume 
C= ¢ (C), whence 


y= Ca+ > (C), 


and, restoring to C its value in terms of a, y, and p given in 
(4), we shall have 
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gpa TP) ng ear oer 
z(1—p*)-+ 2yp ©" (x (1—p*) + 2yp 

This is the differential cquation of the curve. 


(9). 


Although Lacroix does not point out any restriction on the 
form of the function ¢, it is clear that it cannot be quite 
arbitrary. For if C= (z), we should have 


O'= bv (2), 
and then, giving to @ some functional form to which + is 
inverse, there would result 


C’ =z, 


so that C” would change when z was changed into z+1. Irom 
the general form of periodic constants, Chap. IVv., it is evident 
that a rational function of such a constant possesses the same 
character. Thus the differential equation (5) 1s applicable 
when ¢ indicates a ratiunal function, and generally when it 
denotes a functional operation which while periodical itself 
does not affect the periodical character of its subject. 


If we make the arbitrary function 0, we have on reduction 


(y* — 2") p + xy (1 —p') = 9, 
the integral of which is 
a ob y" = r*. 
denoting a circle. 


* It is only while writing this Chapter that a general interpretation of this 
equation has occurred to me. Its complete primitive denotes a family of 
curves defined by the following property, viz. that the caustic into which 
each of these curves would reflect rays issuing from the origin would be 
identical with the envelope of the system of straight lines defined by the 
equation y=cx+¢ (c), c being a variable parameter. This interpretation, 
which is quite irrespective of the form of the function ¢, confirms the ob- 
servation in the text as to the necessity of restricting the form of that 
function in the problem there discussed. I regret that I have not lcisure 
to pursue the inquiry. 


I have also ascertained that the differential equation always admits of the 
following particular solution, viz. 


(y— 4)? + (e- B)?=0, 
1 and B being given by the equation 
b (J ~1)=A-BA-1. (Ist edition.) 
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If we make the arbitrary function a constant and equal to 
2a, we find on reduction 


{a*~ (y — a) + a'} p— # (y —a) (1 —p’) =0, 
the complete primitive of which (Diff. Equations, p. 135) is 


2 
(y > a)* +n"? = | eee 
the equation of an ellipse about the focus. 


3. The following once famous problem engaged in suc- 
cession the attention of Euler, Biot, and Poisson. But the 
subjoined solution, which alone is characterized by unity and 
completeness, is due to the late Mr Ellis, Cambridge Journal, 
Vol. 111. p. 131. It will be seen that the problem leads to 
a functional differential equation. 


Ex. 4. Determine the class of curves in which the square 
of any normal exceeds the square of the ordinate erected at 
its foot by a constant quantity a. 


If y?=~h (x) be the equation of the curve, the subnormal 
f , 2 
will be v2) , and the normal squared +f (x) + ef . The 
equation of the problem will therefore be 


Hot H Ol vl Xana a) 


Differentiating, we have 


w(x) ,, ap’ (x) apr’ (a)\ _ 
¥ +4 @) SP +w jet 7 (14 4S" )=0, 
which is resolvable into the two cquations, 


ap’ (2) + ap’ {e + aaa =0 (33). 
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The first of these gives on integration 
pp (2) +e =axr+ PB (4). 


Substituting the value of +p (x), hence deduced, in (1), we 
find as an equation of condition 


a=0, 
and, supposing this satisfied, (4) gives 
y? +a*=ax + B, 


the equation of a circle whose centre is on the axis of =. 
It is evident that this is a solution of the problem, supposing 


a= 0, 


To solve the second equation (3), assume 
at dy (x) =x (2), 
and there results 
x’ (2) — 2x (@) +2=0 (5). 


To integrate this let «=,, ~ (%) =u,_,, and we have 


u t+ 2 Vers 


+ u, =0, 
whence 
u,=C+ Ct, 


C and C’ being functions which do not change on changing 
tintot+1. If we represent them by P(f) and P,(¢), we 
have 


u,=P (t) + tP,(@), 
Ua = P(t)+ + 1) P(t), 
whence, since u,=2 and u,,,= yx (7) =a+4y¥ (2), 


we have 


a= P(t) +tP,(d), 


bY’ (x) = PO. 
21—2 


Sys GEOMETRICAL APPLICATIONS. [cH. XVL 


Hence 
Yr (x) da = P(t) (P" (f) + Py(t) + PY (t)} at, 
y (x) =fPe[P’ () + P(t) + tPy (O} dt. 


Replacing therefore w(x) by y’, the solution is expressed 
by the two equations, 


a= P (t)+tP,(t) | 


y=fP it) iP O+P,O+tP/ oO} dt (6), 


from which, when the forms of P(t) and P,(t) are assigned, 
t must be eliminated. 


If we make P (t) =a, P,(t) = 8, thus making them constant, 
we have 


z=a-+ Bt, 
y = {P'dt= Bt +e. 
Therefore eliminating ¢ and substituting e for c — a8, 
y= Bate. 
Substituting this in (1), we find 


= a. 


4: 


Thus, in order that the solution should be real, a must be 
negative. Let a=—h’, then B = + 2h, and 


y=t2hrt+e (7), 
the solution required. This indicates two parabolas. 


If a=0, the solution represents two straight lincs parallel 
to the axis of z. 


EXERCISES. 325 


EXERCISES. 


1. Find the general equation of curves in which the 
diameter through the origin is constant in value. 


2. Find the general equation of the curve in which the 
product of two segments of a straight line drawn through 


a fixed point in its plane to mcet the curve shall be in- 
variable. 


3. If in Ex. 4 of the above Chapter the radiant point be 
supposed infinitely distant, shew that the equation of the 
reflecting curve will be of the form 


2x 2 
y= rote Cane 


¢ being restricted as in the Example referred to. 


4. Ifa curve be such that a straight line cutting it 
perpendicularly at one point shall also cut it perpendicularly 
at another, prove that the differential equation of the curve 


will be 
— 2x —] 
ea, 
t Pp ? DP 
d being restricted as in Ex. 4 of this Chapter. 
5. Shew that the integral of the above differential equa- 
tion, when the form of ¢ is unrestricted, may be interpreted by 


the system of involutes to the curve which 1s the envelope of 
the system of straight lines defined by the equation 


y=mx+ d(m), 
m being a variable parameter. 
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CHAPTER II. 
6. Obtained from the identity A*(0—1) (0-2)..... 
(0 —n) 0° = 0. 
Dis 
9. « (1+ t+P 45 ae 


14. (2— 62") cos # — (7a? — a) sin x. 


16. (2) 4, 2 0%. 


CHAPTER IIL. 
1. 23263359, which is correct to the last figure. 
2. aw —9x'+17a + 6. 


_ — 3v, + 100, + 5v, — 24, , _ — 2%) + 5v, +10u,— 3, 
10 sia 10 


13. It will be so if d (x) =0 have one root, and ¢ (x) =0 
have no root between 1 and &. 


3. Uz 


CHAPTER IV. 
1 (1) SS ee 


en: ee 
90 6(2n+1)(2n+3)(2n+5)° 


(2n — 1)(2n + 1)(2n + 8)(2n + 5)(8n+ 43) | 129 
Lp re Pgs eee eo 
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a) H___4e+11 
12) 4(2n +1) (2n+4+ 3)" 
(5) Apply the method of Ex. 8. 


(6) Write 2cos0d=2 +e and use (10) page 73. 


3. n(2n+ 1) (8n*+ 4n —7). 


sin > (22—1) cos 5 (22) sin > (22+1) 
4 meme Gh (7) armen Ah (1) — mermennmemenzre A'G (1) 
2 sin 3 (2 sin | (2 sin 5) 
cos 5 (22+ 2) sin 5 (22 +3) 


2 sin —- 


ee Ah (2) $+ mre ANG (2) + + 
2) (2 sin 3) 


6. (1) cot 5 —cot 2"" @. 


(2) 2 sin nO 
cos (n+ 1) O sin 26° 
7 tan*(n—1)2¢4+C, g's? a 2" a o+=. 
8, Assume for the form of the integral 
(A + Bat...+ Ma*") s* 
Ug a0 Uesecs : 
and then seek to determine the constants. 


CHAPTER V. 


1 1 1 
+ $a 


1 
as (ores 2 (n+ 3) 6 (n+ 3) 
ee ee 
oe yp 


where C= 1:0787 approximately and is the sum ad inf. 
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1 1 1 5 A 7 | 
4g’ Qa 122°" 24q% 
The sum ad inf. differs from that of the first nine terms by 
0000304167. 


3 
3. ont {20k + Pa : 


4. See page 71. 


5. (1) Apply Prop. 1v. page 99. If —a* be written for 
x" in the first series it can be divided into two series similar 
to the Example there given. 

(2) 1 eerneryt 1  =8 | 
2 (w(w@+1)(@+2) 2 a(@4+1) (2+ 2) (+3) 
. nen eee 
4x (x+1) (a+ 2) (w+ 3) (a+ 4) 
g &+i"—a™ 
' (@-—@+1)2" 


13. See Ex. 7. Also page 115. 


CHAPTER VII. 
1. Lan a and —. 
a 2a, 


3. (1) Divergent. (2) Convergent. 


(3) The successive tests corresponding to (C) are 


obtained by writing — Au,,, for —1 therein. The set 


corresponding to (B) are obtained by writing 
gp (x) 
(a) 
(4) Convergent if @ be positive, divergent if it be 
negative. 
(5) Divergent. (6) Divergent. 


— Du,,,, for 
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(7) Divergent unless a be greater than unity. 
(8) Divergent unless « be greater than unity. 


4. (1) Divergent unless x be less than unity. 


(2) Convergent unless 2 or its modulus be numeri- 
cally greater than unity. 


6. Divergent unless x < e™. 
7. a must not be less than unity numerically. 


17. See Ex. 18. 
CHAPTER IX. 


1 (1) w= nt (2’ + 9 a) ; (2) The same. 
(3) sy — = : A’u, + cAu, — u, = 0. 


(4) Gaal +a —u)= 0. (5) The same. 


bo 


init @ 2(z—1) q (x~1)2 
u, = Cp*a) + — tae 


cos (« — 1) n—acos n@ 


3. u, = Ca" + — “1 —2acosn+ a? 
Cao 
4, oe CU + 2? —x— 2. 


u, = {C + cosec a tan (a —1) a} cos a cos 2a...cos (w—1)a. 


Cr 


6. Assume u, =v, +m where m is a root of 
m +am+6=0, 


e e e 1 
and there results a lincar equation in ~~. 


Su = Cet?) + ee, 
. 2 


330 ANSWERS TO THE EXAMPLES. 


9 w= Z + Csiu 20. 


sin 5 
10. wv, =a™* {x + Ch. 


11. u,=cos 27 @. 


12. u, =a" {O+0~ > 


2 sin #8 sin (« —_ 5) 8 


wry: 


1 
13. u,=5 {a"—a*}. 


nel 
aon - z 
14. Uy =m" 1 a" : 


15. By writing u, +5 =, the equation may be reduced 


tov,,,=vi+C. When C=— 2 this gives v, = 2 cos 270. 
16. cu,=crx+1. 


u ; : 
17. -"=a@a or ~2ax. Hence two associated solutions 


Uz 
(see Ch. x.) are u, = Ca® Tx 
and u,= C (— 2a)*Ts. 
CHAPTER X. 
a a+ 2b Pe Adan b) = ( -§) 
1. U,=C+—g— 2 “34/5 COS TH COS 5 9] ° 


ar 
(i+ay" 
8. The two others are given by 
= 4 : 
u, = (cz ~ +.) 


where z is a root of w+ a+1=0. 


2 l—a = 
4. U, = C + CTA (—a) 
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(ay—2 +0 +1) (Ay + °y =0, 


C= 


= 


ay = (¥- 2-1) (14+ (-y- 4 1 -(-1)}, 


x z—l 


CHAPTER XI. 


\@ tig O(-1) + OW + nna 
2. u,= C(—4)* 4 2H 


3. u,=(C+ Cx) (-1)' +5 jo G2 + Fe 3| 


(— UP 
+ G H res 


4, u, = (m? + n?)? \c cos (« tan™ =) 


re _, 1 m” 
+C sin (tan =)h 4 7 


u, = C— 


Cr 


cos (z — 3) (= Dia . 


a | 
2sin 5 


6. u,=(—3)” {e+ 199 o| + C,+ C7+ C2’ 
+ = 4x° — 23a + 28 
560 | if 


7. The particular integral is obtained by (II) and (IIT) 


: ng) +2 COS L 
page 218. It is any value of 2°” a 
F (7) 
8. w= anid +02 + 0,4 Cet Cat + On? 


+ Cat + C2" 
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_ £ n° cos mz + cos (x — 2) m 
9. Uy =e + Gn*cos 2m +1 --+ complementary func- 
tion, which is 


{e cos > + C’ sin Ay Nn, 


or On*+C" (—n)’, according as the upper or lower sign is 
taken. 


10. n*u,= (C, + C2} os = - {C, + Cz} sin > ; 
or C+ Cx + {C,+ Ca} (- 1)’. 


11. (a+2%) ead ee 


19. ris (2 : ss (4 = seri | 


CHAPTER XII. 


100m 


sin a) 


Ll w=s0(ae- yio+e ee 


2 u,=Asin(X+a)+Bsin(2X + B) + Csin(3X+y)+ -- 


to — terms (supposing that n is odd) where X = ss 


oe 
a (x — 1) (@ — 2) 


5. u,=|e—3 lost e ae eee 
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6. logu,=(—n)* \c 4 ce} oe loga 


(L-+n)*" 
7. For (v+2)? read (x+2)*, The ease is then re- 
duced into a very simple form by substituting Ce 2 Vz {OF Uy. 


8. u,= C,+C,(-1)"+ mz 
v, = C,—C,(~1)*—m(e +1) 
9 u,=C,4+C,(-1)%, 7, =C,- G(- 1. 


21 — 
10. w,+ — ge A+ |Boos"S + Csin™ Bc 


and v,+ ...,w,+ ... are obtained by writing «+ 2 and «+ 4 
in the quantity on the right-hand side. 


1. y= (A+Be)2"-4 (C+ Da) (— 2 Pe, 


and v,,, (and therefore v,) is given at once by the first equa- 
tion. 


13. It may be written (Z—a™) (E— a") u, = 0. 
2 (z—1) a (r~1) 


14. u=a *% {c+C'Xa * }. 


15. u, =Vatan {C, cos “8 - + CO, si 0 Ft. 


17. Compare with (15) after dividing by u,t,4,%ry9 


19. Iflog a, =u, we have 


+ 3u,,, — 4u, =9, 


Unss 


and the solution is 
1-(~9)" 
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20. 
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See page 228. Perform A on the equation and a 


linear equation in A’u, results. 


21. 


and 


u, = Pa” + QB" + Ry* where aBy = 1 
C= PQR (a— 8B) (B—¥)* (y—@)'. 


If C= 0, the solution becomes 


23. 


1. 


u, = Pa* + QP”. 


2 cos acosma~—v,sin (m—1l)a@ 
If v,=2cosa, v __ 2cosacosma—v, sin (m— Ta 
: m sin @ 


alls) -(5)}- 


CHAPTER XIV. 


Usy = ae ‘(a,)¢ (y). 


2. Ug, =a” (5) * (y) + B? (j,) (y), where a and 8 are 


roots of m? —am+b6=0. 


3. 


4. 


U,y=a(y+a—1)+h (y+). 


a” 
Co Pe ea = d (y aa NL). 


1 we 
W 2 {a"C,,4 cs (— a) C wats 


farty) + af, (ety) +27, (ety) +e). 


uz = af, (x) + Bf, (y) + 7 (c— 6)’ 
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8. The complementary function is given by 
U,=af, (ety) +BAEety) +7, ety) 
where a, 8, y are the roots of 
m —3a?m +a* =0. 
The other part is a particular integral of 
(E° — 3a B+ a’) u, = Cx — 2? 


in which a+ y is written for C after solution. It is of the 
form Acy + Bx + By + C’, but the values of the coefficients 
are complicate. 


9, u,= C2 + CE +> C= 5 = ma) where C is a periodic 


and C’ an absolute constant. 


CHAPTER XV. 


; (V-1L+2)"-W-1-2)" 1 op 
1. $* (2) = J 1 Op ee = a (m = 2"), 


2. (0) = (w/a 1+ (eva Ty"). (m= 2") 
5. f(z)= 


xs 


8. (2) =f) -f2-2) + =F 


—2(- 1)" 
“pati re (— 1)" , 
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a 1 
ML. f(@)=$+¢@-4(5). 
12. y=ce**™, f (x) denoting an odd function of 2. 


13. Develope F (a) in ascending powers of a, and apply 
the conditions of periodicity. 


sin mz 
oe Pe) sin (mx +c)’ 
sin c 
se sin (mz +c)’ 


22, (x) = {f(a} 


CHAPTER XVI. 


6 O—a 
l r=a+f (=) —f ( — } where f (x) satisfies the equa- 


tion A f(x) =0. 


2. Write log r for r in the answer to the previous ques- 
tion. 


. 
se 
£ 

. “ 


_ 
at, +s 


